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Preface 



Cardiac transplantation has evolved dramatically since its first human 
application in 1967. Since that time, as the chapters of this text 
collectively attest, significant progress in the areas of immunosuppres- 
sion and surgical techniques have impacted substantially on 
posttransplant outcomes, so much so that transplantation is now 
considered to be the standard therapy for end-stage heart disease. 

Cardiac transplantation at Columbia-Presbyterian began in 1977. 
Since that time, the program has grown extensively and, as of January 
2004, completed its 1542nd transplant. 

Faced with considerable advances in the field that have challenged 
our program and allowed its maturity, we decided to publish 
Cardiac Transplantation: The Columbia University Medical Center/ 
New York-Presbyterian Hospital Manual as a compendium for the 
transplant clinician. 

As a testament to the rapidity with which the field of transplantation 
progresses, many of the “cutting-edge” chapters included in this book 
may be partially outdated already. However, the majority of the 
information contained herein reflects the day-to-day practice of 
clinicians at Columbia-Presbyterian. It is with regret that we were not 
able to include chapters on topics in some ways the most critical to any 
transplant program: social work, psychiatry, physical therapy, and 
physiatry, to name a few. We hope that these and other subspecialties 
will be further elucidated in a future edition. 

As mechanical assist devices become more refined, and progress in 
transplantation immunology renders immunologic tolerance a real 
possibility, the field of cardiac transplantation is sure to evolve even 
further. We hope that Cardiac Transplantation: The Columbia 
University Medical Center/New York-Presbyterian Hospital Manual 
will aid clinicians in caring for transplant patients preoperatively, 
perioperatively, and late postoperatively by adding to their knowledge 
the cumulative experience of the Columbia-Presbyterian heart 
transplant program. 

Niloo M. Edwards, md 
Jonathan M. Chen, md 
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INTRODUCTION 

Cardiac transplant candidate selection involves the use of prognostic 
variables to identify patients with end-stage heart failure, combined with 
a series of empirically derived contraindications to exclude those patients 
with probable poor outcome from significant comorbidities or high 
perioperative risk. Candidate selection assumes that the treating physi- 
cian has a thorough understanding of the prognosis and management of 
patients with end-stage heart disease. This chapter reviews the transplant 
evaluation process with an emphasis on cardiopulmonary exercise 
testing and the use of multivariable models to predict survival. 
Contraindications to transplant are outlined. Discussion of serial assess- 
ment of transplant candidates, criteria for removal of patients from the 
transplant list, retransplantation, and alternative listing are included. 
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ONSET OF CONGESTIVE HEART FAILURE 

Epidemiology of Congestive Heart Failure 

Congestive heart failure (CHF) is a major medical problem that is 
steadily increasing with the rising age of the general population and 
overall cardiovascular mortality reduction. In the United States, heart 
failure incidences total 500,000 patients per year, with a prevalence of 
5 million Americans ( 1 ). CHF now comprises the most common hospital 
discharge diagnosis for those over age 65 and is believed to account for 
1.5% of total health care spending. 

The prognosis after diagnosis worsens with the extent of myocardial 
dysfunction. Almost 300,000 patients die each year from heart failure or 
with heart failure as a contributory cause. In the medical management 
arm of the recent Randomized Evaluation of Mechanical Assistance for 
the Treatment of Congestive Heart Failure (REMATCH) trial, 1-yr sur- 
vival of Class IV patients was only 25%; 2-yr survival was 8% (2). 

Pathophysiology of CHF 

An extensive discussion of the pathophysiology and management of 
heart failure is beyond the scope of this chapter. Briefly, chronic heart 
failure consists of two components: myocardial failure and congestive 
failure. Myocardial failure is the initial insult and may result from chronic 
pressure overload (as in hypertension or obstructive valvular disease), 
diffuse cell loss (as in cardiomyopathy or myocarditis), or segmental cell 
loss (as in ischemic heart disease). The result is a reduction in cardiac 
output and a decrease in left ventricular ejection fraction (LVEF). Myo- 
cardial failure is best quantified by decrease in LVEF. On the other hand, 
CHF reflects the neurohormonal and peripheral adaptive response to 
reduced cardiac output. Sympathetic and renin-angiotensin activation 
result in heightened peripheral vascular resistance and salt and water 
retention, leading to congestion and edema. These peripheral changes 
correlate well with symptoms; CHF is best quantified by exercise per- 
formance. 

The neurohormonal changes observed in heart failure, such as 
increased sympathetic nervous activity, help to maintain circulation early 
in the disease. Over time, these compensatory mechanisms become 
exaggerated and contribute to disease progression. Decreased renal 
perfusion activates the renin-angiotensin system, increasing preload by 
increasing salt and water retention. 

Once the CHF syndrome has been diagnosed and the degree of left 
ventricle (LV) systolic dysfunction quantified, the evaluation focuses on 
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the underlying disease and determining whether it has a reversible com- 
ponent. Management of heart failure patients is well covered in the 
recent 2001 American College of Cardiology/American Heart Associa- 
tion guidelines (3). 

Heart failure treatment includes both nonpharmacologic and pharma- 
cologic strategies. Nonpharmacologic therapy is aimed primarily at 
sodium intake reduction. Moderate exercise should be strongly recom- 
mended, and alcohol intake should be limited. Pharmacologic therapy 
includes treatment with angiotensin-converting enzyme (ACE) inhibi- 
tors, diuretics, digoxin, and P-blockade. The sequence in which these 
agents should be added continues to evolve. ACE inhibitors are now 
first-line heart failure therapy, followed by treatment with diuretics, 
P-blockers, and digoxin. Biventricular pacing and implantable defibril- 
lator use are becoming increasingly common in these patients. When 
heart failure becomes refractory, cardiac transplantation or left ventricu- 
lar assist device (LVAD) placement is considered. Later in this chapter, 
we focus on patients with advanced structural heart disease and marked 
symptoms of heart failure at rest despite maximal medical therapy. 

SELECTING RECIPIENTS FOR CARDIAC 
TRANSPLANTATION 

Patient Selection Criteria 

Patients listed for transplant typically are those with severe heart 
failure; however, patients with refractory angina and incessant life- 
threatening arrhythmias are also candidates. Generally, these patients 
have LVEFs below 20%, severely reduced functional capacity, and/or 
nonsurgically correctable valvular or ischemic disease with Class IIIB 
or IV symptoms despite maximal medical therapy. Selection hinges on 
identifying candidates who have a poor prognosis yet lack other 
comorbidities that significantly increase perioperative mortality or limit 
patient survival posttransplantation (4). 

For advanced heart failure patients who require parenteral inotropic 
or mechanical support, transplantation remains the best option despite 
recent advances in mechanical assist device therapy. Indeed, in the medi- 
cally managed arm of the recent REMATCH patient cohort, the most 
powerful univariable mortality predictor and the only multivariable 
mortality predictor was dependence on parenteral inotropic support (5). 
The definition of inotropic dependence remains somewhat nebulous. 
Generally, these are patients requiring sympathetic stimulation or phos- 
phodiesterase inhibition to maintain systolic blood pressure. Without 
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Table 1 

Exclusion Criteria for Cardiac Transplantation 

• Age > 65 yr 

• Fixed pulmonary vascular resistance > 6 Wood units 

• Peptic ulcer disease or pulmonary infarct within 3 mo 

• Brittle diabetes mellitus or diabetes with end-organ damage 

• Major debilitating comorbid disease 

• Symptomatic severe peripheral vascular or carotid disease 

• Symptomatic hypertension requiring multidrug therapy 

• Active infection 

• Renal insufficiency (creatinine > 2.5 mg/dL or creatine clearance 

< 50 mL/min) 

• Severe liver dysfunction (bilirubin > 2.5 mg/dL or transaminases 

> 2 X normal) 

• Significant obstructive pulmonary disease (FEV ] < 1 L/min) 

• Significant intrinsic coagulation abnormalities 

• Active or recent malignancy (within 2 yr) 

• HIV seroconversion 

• Amyloidosis 

• Excessive obesity (body mass index > 35) 

• Evidence of active tobacco, alcohol, or drug abuse 

• History of severe mental illness or psychosocial instability 



parenteral support, the patient becomes hypotensive and dyspneic and 
develops decreased organ perfusion (i.e., reduced urine output or 
decreased mental status). 

In the evaluation of inotrope- or device-dependent patients, the key 
questions are whether there are any significant comorbidities that would 
limit posttransplant survival and whether the patient is too ill to survive. 
The chapter now discusses empirically derived exclusion factors that are 
examined during the evaluation process. Following this, the discussion 
returns to the evaluation process for patients with severe, but less 
advanced, heart disease. 



Exclusion Criteria 

A series of exclusion criteria have been formulated through experience. 
Generally, these exclusion criteria are comorbidities that significantly 
increase perioperative risk or decrease long-term survival. The tradi- 
tional contraindications have been well described ( 2 ). Contraindications 
to transplant are listed in Table 1. 

Age over 65 yr tends to be a contraindication because of concerns over 
increased morbidity and long-term survival in older patients. Fixed 
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pulmonary vascular resistance (PVR) greater than 6 Wood units is prob- 
lematic because of higher right heart failure risk in the perioperative 
period resulting from donor right ventricle dilation. Recent peptic ulcer 
disease is a temporary contraindication because of bleeding risk in the 
posttransplant period from high-dose steroid treatment and the increased 
risk of infection from possible colonization of the ulcer crater with 
cytomegalovirus (CMV) or Candida. Recent pulmonary infarct is also a 
temporary contraindication because of the risk of developing a pulmo- 
nary abscess following immunosuppressive therapy institution. Symp- 
tomatic hypertension requiring multidrug therapy is generally a 
contraindication, as the hypertension only worsens following transplant 
with calcineurin inhibitor treatment. 

In recent years, increasing experience has permitted a relaxation in 
some conventional exclusion criteria, as excellent outcomes have been 
demonstrated for more medically complex recipients. Transplant cen- 
ters are continually trying to widen recipient criteria. There are case 
reports of successful cardiac transplantations in patients with a history 
of human immunodeficiency virus (HIV). Combined cardiac and stem 
cell transplants are now offered to select patients with primary amyloi- 
dosis limited to cardiac disease. 

Our recent experience with diabetic patients also illustrates a relax- 
ation of prior exclusion criteria (6). From 1995 to 1999, 76 of the 374 
adult cardiac transplants at our institution were performed in diabetic 
recipients. Of these patients, 43% were taking insulin. The only diabetic 
candidates rejected were those with diabetic retinopathy requiring laser 
surgery, intrinsic renal disease with serum creatinine greater than 2.5 
mg/dL or urine protein greater than 1 g/d, autonomic dysfunction result- 
ing in orthostasis, and/or peripheral vascular disease resulting in ampu- 
tation. Of 76 patients, 42 had insulin dependence, history of diabetes 
greater than 1 0 yr, urine protein greater than 300 mg, evidence of periph- 
eral vascular disease with an ankle to brachial ratio of less than 1, retin- 
opathy, neuropathy, or gastroparesis. The 1- and 3-yr survival and 
incidence of allograft rejection, graft vasculopathy, and infection were 
comparable to those in the nondiabetic cohort. 

Transplant Candidate Selection in Ambulatory Patients 

Given the continued donor organ scarcity, cardiac transplants prima- 
rily are performed in high-priority status (Status lA or IB) patients 
dependent on inotropic or mechanical support. Only 25% of transplants 
performed since 1998 have been in Status 2 candidates. Wait-list mor- 
tality remains in the 20 to 25% range with the majority of deaths in high- 
priority groups. Elective transplant abolition, with all organs triaged to 
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the sickest candidates within geographic zones, has been suggested, yet 
the current system remains. Accordingly, large numbers of ambulatory 
patients with heart failure are screened for transplant. It is in this patient 
group that knowledge of prognostic survival markers is critical. Many 
univariate and multivariate reduced survival predictors have been iden- 
tified in patients with CHF, including a reduced L VEF, New Y ork Heart 
Association (NYHA) Class, the presence of an S3, LV conduction delay 
on baseline electrocardiogram (EKG), reduced serum sodium, elevated 
serum catecholamines, increased pulmonary capillary wedge pressure, 
reduced cardiac index, and low peak exercise oxygen consumption (V O 2 ) 
(7-9). Using Cox proportional hazards modeling in 528 patients receiv- 
ing tailored therapy, serum sodium, pulmonary artery diastolic pressure, 
LV diastolic dimension index, peak VO 2 , and the presence of a perma- 
nent pacemaker were identified as poor survival predictors (9). 

PEAK VO, AND TRANSPLANT CANDIDACY 

The Prognostic Value of Peak Exercise VO 2 

One variable that is particularly useful in candidate selection is 
peak VO 2 measurement. An algorithm for transplant candidate selec- 
tion incorporates peak VO 2 as a critical branch point in the selection 
process (Fig. 1). 

VO 2 measurement in heart failure patients was first described by 
Weber as a noninvasive method for characterizing cardiac reserve and 
functional status in these patients (10). Initially, Szlachic described peak 
(VO 2 ) as a prognostic variable. Szlachic reported a 77% mortality rate 
at 1 yrforpatientswithaV02 less than 10 mL/kg/min and a 21% mortality 
rate for those with a VO 2 in the 10 to 18 mL/kg/min range in a group of 
27 patients (11). Other, larger studies confirmed Szlachic’ s findings (7). 

The initial application of cardiopulmonary exercise testing to the 
cardiac transplant selection process was done in the late 1 980s. Cardiop- 
ulmonary exercise testing was prospectively performed on all ambula- 
tory patients referred for cardiac transplantation to the University of 
Pennsylvania between October 1986 and December 1989 (72j.The 116 
patients were divided into three groups based on cardiopulmonary stress 
test results. Patients in Group 1 had a peak VO 2 below 14 mL/kg/min and 
were accepted as transplant candidates (n = 35). Group 2 patients had a 
peak VO 2 greater than 14 mL/kg/min and had transplant deferred (n = 52), 
and Group 3 patients had a peak VO 2 less than 14 mL/kg/min but also 
possessed a significant comorbidity that precluded transplant (n = 27). 
Age, LVEF, and resting hemodynamic parameters were similar among 
the groups. Survival at 1 yr was 94% in the patient group with a VO 2 
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Patient referred for 
refractory heart failure 

1 

Reversible factors corrected 

Medical therapy optimized 

No significant co-morbid conditions identified 

1 

V02 < 12 mL/kg/min or 
Heart Failure Survival Score <8.1 

i 

Right heart catheterization 

1 

Pulmonary Vascular Resistance < 6 Wood units 

1 

List for transplant 

Fig. 1. Proposed algorithm for cardiac transplant recipient selection ( 12 ). 

greater than 14 mL/kg/min ( 12 ). Accepted transplant candidates with a 
VO 2 less than 14 mL/kg/min had a 1-yr survival of 70%, whereas those 
patients with a significant comorbidity and reduced VO 2 had a 1-yr 
survival of 47%. Patients accepted for transplant had a falsely elevated 
survival, as all transplants were treated as a censored observation. If 
urgent transplant was counted as death, 1-yr survival fell to 48%. Using 
this approach, patients whose transplant could safely be deferred were 
identified. 

Subsequent to this study, the application of cardiopulmonary stress 
testing for potential transplant candidate selection gained widespread 
acceptance in the United States ( 4 ). Many studies have followed 
attempting to improve on this variable’s predictive accuracy. Examina- 
tion of this variable coupled with hemodynamic measurements or ven- 
tilatory data collected at testing time have been carefully examined. 
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As peak VO 2 can be affected by age, gender, muscle mass, and 
conditioning status (13,14), whether percent of predicted VO 2 would 
yield better risk stratification than the absolute value has been investi- 
gated. In one study, peak exercise VO 2 normalization for predicted values 
added minimal prognostic information (13), whereas in another study 
multivariable analysis selected 50% of predicted peak VO 2 as the most 
significant cardiac death predictor (p = 0.007) ( 14 ). Peak VO 2 is a con- 
tinuous, rather than a discrete, variable, and differences in the above two 
studies may be attributed to investigators attempting to assign a thresh- 
old or cut-off value to determine transplant candidacy. 

Statistical analyses using stratum-specific likelihood ratios can be 
used to identify threshold values. Stratum-specific likelihood ratio 
calculation in ambulatory patients referred for cardiac transplant evalu- 
ation demonstrate a progressive increase in ratios as peak VO 2 increases 
without a discrete cut point (15). Therefore, these stratum- specific 
likelihood ratios suggest that VO 2 is a strong and continuous survival 
predictor in this population without an absolute threshold. 

In a further attempt to enhance the peak exercise V02’s predictive 
power, some investigators have coupled hemodynamic monitoring with 
VO 2 measurements (16,17). Hemodynamic parameter measurement 
greatly increases the testing’s complexity and does not substantially 
strengthen the measurement’s predictive value. This is not a surprising 
finding because the main limitations to peak exercise performance in 
CHF patients are peripheral factors. 

Osada et al. performed multivariate analysis using all noninvasive 
exercise data measured during cardiopulmonary exercise testing (18). 
Multivariate analyses of exercise and cardiopulmonary variables (i.e., 
peak exercise heart rate, systolic blood pressure, respiratory exchange 
ratio, minute ventilation, peak VO 2 , percent predicted peak VO 2 , and 
anaerobic threshold) were performed to identify the 3-yr prognostic risk. 
Peak systolic blood pressure above 120 mmHg (p = 0.0005) and percent 
predicted peak VO 2 at 50% or less (p = 0.04) were significant prognostic 
variables in patients with apeak VO 2 less than or equal to 14 mL/kg/min. 
Survival was 55% at 3 yr for patients with a VO 2 less than or equal to 
14 mL/kg/min and peak exercise systolic blood pressure greater than 
120 mmHg, as compared with 83% 3-yr survival in patients able to reach 
this exercise blood pressure (p = 0.004). 

The ventilatory response to exercise is increased in heart failure. Chua 
et al. investigated this abnormal ventilatory response’ s use as a prognos- 
tic index of survival in 173 CHF patients (19). The regression line slope 
relating carbon dioxide output and minute ventilation (VE-VCO 2 slope) 
was determined for each patient. A high ventilatory response to exercise 
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was defined as a slope greater than 34. The patients with an increased 
VE-VCO 2 slope had a higher NYHA functional class, lower LVEF, 
lower peak VO 2 , and lower survival rate at 1 8 mo (69 vs 95%;p < 0.000 1 ) 
than those patients with a normal slope. By univariate analysis, the 
VE-VCO 2 slope was an important prognostic factor {p < 0.0001). Mul- 
tivariate analysis including age, peak VO 2 , VE-VCO 2 slope, and LVEE 
demonstrated that the VE-VCO 2 slope gave additional independent 
prognostic information (p = 0.018). 

Exercise-Based Prognostic Scores 

Although powerful as an independent variable, transplant candidate 
selection and stratification that is based solely on a simple dichotomiza- 
tion by peak VO 2 is limited. Such an approach does not efficiently use 
routinely obtained clinical measures of known prognostic significance 
such as LVEF. Pretransplant risk stratification could be improved by 
developing a predictive model that incorporates multiple independent 
mortality predictors. Univariate analysis limitations include limited 
accuracy, limited reproducibility, and discordant results for individual 
predictors. In many prior multivariable analyses, the appropriate popu- 
lation was not targeted, many were performed before the advent of ACE 
inhibition, many have not developed threshold values, and none have 
been prospectively validated. 

Therefore, we developed a heart failure survival score (HESS) from 
467 ambulatory patients with severe CHE followed at two institutions 
fromJuly 1986 to September 1994(20).Themodelwasdevelopedbased 
on 268 patients at the Hospital of the University of Pennsylvania fol- 
lowed from July 1986 to January 1993. It was validated in 199 patients 
at Columbia-Presbyterian Medical Center from July 1993 to October 
1995. 

Eighty clinical variables on each patient derived from clinical history, 
physical exam, laboratory, exercise, and catheterization data were 
entered into the data set. Univariable survival analyses were performed 
using Kaplan-Meier analyses. Significant univariate factors were then 
analyzed with multivariate techniques. Variables were grouped and prog- 
nostic factors representing different CHE aspects were incorporated in 
the model. In the model’s construction, the authors used clinical judg- 
ment to guide the selection process and specifically sought to include 
variables that incorporated multiple heart failure pathophysiology 
aspects. 

One statistical model incorporated exclusively noninvasive param- 
eters. The model with the fewest variables that most accurately predicted 
survival was derived. The best model included seven variables: presence 
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Table 2 

Noninvasive Model Obtained From the Derivation Sample 

Model Adjusted hazard ratio 

Variable coejficient (95% Cl) Wald p 



Ischemic 



Cardiomyopathy 


0.6931 


2.00(1.35,2.97) 


11.71 


0.0006 


Resting heart rate 


0.0216 


1.02(1.01, 1.04) 


11.45 


0.0007 


(bpm) 

Left ventricular 


ejection fraction (%) 


-0.0464 


0.96 (0.93, 0.98) 


10.65 


0.0011 


Mean blood pressure 


-0.0255 


0.98 (0.96, 0.99) 


8.94 


0.0028 


(mmHg) 


IVCD 


0.6083 


1.84(1.22, 2.76) 


8.55 


0.0035 


Peak VO 2 (mL/kg/min) 


-0.0546 


0.95 (0.91,0.99) 


6.76 


0.0093 


Serum sodium 


-0.0470 


0.95 (0.92, 1.00) 


4.76 


0.0292 



(mmol/L) 



CT, confidence interval; IVCD, interventricular conduction defect. 

or absence of coronary artery disease (CAD), resting heart rate, LVEF, 
mean arterial blood pressure, presence or absence of intraventricular 
conduction defect on baseline EKG, peak VO 2 , and serum sodium. 
(3-Coefficients were assigned from the Cox model with the hazard ratio 
and significance level. The noninvasive model included parameters 
which estimated myocardial ischemia (ischemic cardiomyopathy), the 
degree of systolic dysfunction (LVEF) , the activation degree of the renin- 
angiotensin system (serum sodium), activation of the sympathetic ner- 
vous system (heart rate), the extent of myocardial fibrosis and injury 
(intraventricular conduction defect), and more integrative measures such 
as peak VO 2 and mean arterial blood pressure. 

In addition to these variables, the invasive model included pulmonary 
capillary wedge pressure. It performed similarly to the noninvasive 
model. To calculate a prognostic score, the variable’s value and the 
(3-coefficient are multiplied and the products are added. The sum’s 
absolute value represents the prognostic score. For noncontinuous vari- 
ables (i.e., CAD or intraventricular conduction defect), their presence is 
assigned a value of one and their absence a value of zero. Table 2 delin- 
eates the variables used in the noninvasive model and their assigned 
coefficients. 



VO2 and HFSS in the ^-Blocker Era 

The efficacy of peak VO 2 and the HFSS to risk-stratify ambulatory 
patients with heart failure was evaluated prior to widespread (3-blocker 
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use for heart failure management. In the patient cohort from which the 
HFSS model was derived, only 13% of patients were receiving 
P-blockers. Whereas P-blockers improve survival in heart failure, the effect 
of this drug class on exercise performance has been variable 
( 8 - 10 ). Whether these parameters maintain their clinical utility in the 
P-blocker era is unclear. 

Accordingly, we recently re-evaluated these parameters in 221 CHF 
patients who presented for heart transplant evaluation between 1 997 and 
2002. Of these patients, 65% were receiving P-blocker therapy. HFSS 
was calculated for each patient. Survival free from United Network for 
Organ Sharing Status 1 transplant or LVAD, with censoring at UNOS 
Status 2 transplant, was analyzed by the Kaplan-Meier method for the 
previously defined low-, medium-, and high-risk HFSS and VO 2 strata. 
Significant differences (p < 0.0 1 ) by HFSS strata were observed between 
patients for the entire cohort and for those patients treated and not treated 
with P-blockers. Patients treated with P-blockers had better outcomes 
for any given HFSS stratum than patients not receiving this therapy. By 
contrast, peak VO 2 did not predict survival in this small cohort of pa- 
tients on p-blockers. 

The fact that p-blockers considerably improve survival while having 
an inconsistent effect on peak VO 2 may explain why peak VO 2 did not 
accurately predict outcomes in patients on P-blockers in this study. 
However, the possibility that sample size may have been too small to 
detect a significant difference using VO 2 cannot be excluded. Similarly, 
two recent studies examined the predictive value of peak VO 2 in the 
P-blocker era and had discordant findings ( 21 , 22 ). In the larger study 
(369 patients), peak VO 2 greater thanl4 mL/kg/min trended to being an 
independent event-free survival predictor (27 ), whereas a smaller study 
(55 patients) failed to demonstrate any discriminatory power ( 22 ). 

Before the P-blocker era, peak VO 2 and HFSS could be used almost 
interchangeably, with either a peak VO 2 greater than 14 mL/kg/min or 
an HFSS a 8. 10 sufficient to defer cardiac transplantation ( 12 , 20 ). In the 
p-blocker era, the HFSS, encompassing various prognostic markers, 
retains the capacity to accurately risk-stratify patients and performs better 
than a single measure such as VO 2 . 

MAINTAINING PATIENTS ON TRANSPLANT LIST 

Serial Assessment of Heart Transplant Candidates 

If a patient is selected as a transplant candidate and activated on the 
regional transplant list, neither the patient nor the transplant team is 
obliged to proceed with transplantation. Candidate selection is a dynamic 
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Table 3 

Guidelines for Serial Assessment of Status 2 Transplant Candidates 

Repeat peak VO 2 andLVEF evaluation every 6-12 mo. Studies are done sooner 
if major changes have been made in medical regimen. 

Panel of reactive antibodies repeated every 2 mo if level > 20% and following 
transfusions in all patients. 

Right heart catheterization with infusion of vasodilators every 12 mo if 
pulmonary vascular resistance (PVR) > 3 Wood units. 

Transplant is deferred if: 

• Peak VO 2 is markedly improved or heart failure survival score increases 

to low-risk category (> 8.1) 

• LVEF>30% 

• PVR becomes fixed above 6 Wood units despite parenteral inotropic 

therapy and optimization of vasodilators 



process requiring continual reevaluation. Significant improvement as 
well as serious comorbidity development may preclude future transplan- 
tation {see Table 3). 

Serial assessment of peak VO 2 has been used as a method to determine 
continued need for transplant. Many pharmacologic studies used exer- 
cise testing as a primary outcome measure. Stevenson et al. studied 68 
patients with VO 2 less than 14 mL/kg/min with serial cardiopulmonary 
exercise tests after high-dose diuretic and vasodilator therapy initiation 
(23). Patients who responded to medical therapy with an increase greater 
than or equal to 2 mL/kg/min in VO 2 had a good outcome and could be 
delisted. This study underscores the selection process’ dynamic nature 
and the need for serial assessments of patients, particularly when medi- 
cal therapy is modified. However, if medical therapy is maximized and 
VO 2 remains reduced, 6-mo survival remains poor (24). 

Exercise-based HESS serial measurements can also guide the contin- 
ued need for transplant in ambulatory patients with long waiting periods. 
Reevaluation of 1 26 patients an average of 300 d following initial assess- 
ment demonstrated that this statistical model continued to discriminate 
mortality (25). Patients were grouped into high-, middle-, and low-risk 
strata using the previously defined cut-points. Survival at 1 yr was 38 ± 
15%, 64 ± 7%, and 76 ± 5% (p = 0.0016) in the high-, middle- and low- 
risk strata, respectively. Any patient listed for transplant who was in the 
high-risk group initially and, with medical therapy alteration, moved to 
the medium- or low-risk group maintained a relatively high mortality. 
Thus, these patients’ removal from the transplant list should occur only 
with major clinical status improvement. The only patients who main- 
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tained a survival better than, or comparable to, those who received trans- 
plants were those individuals who began and ended in the low-risk strata. 

Status 1 Patient Management 

Status IB patients are defined as those candidates who require low- 
dose inotropic support or who are more than 30 d past ventricular assist 
device placement without a device complication. The new UNOS guide- 
lines make it permissible for patients requiring continuous inotropic 
support to have a high-priority status and await transplant at home. 

At our institution, inotropic therapy is started in hospitalized telem- 
etry patients. Patients on |3-blockers are generally treated with milrinone, 
as its action mechanism is via phosphodiesterase type III inhibition. 
P-B locker intolerant patients who require inotropic support are gener- 
ally treated with dobutamine. Criteria for home discharge includes treat- 
ment with low-dose parenteral inotropic infusions defined as dobutamine 
at a dose less than 7.5 p/kg/min or milrinone less than 0.5 p/kg/min. 
Additionally, patients must exhibit hemodynamic stability with systolic 
blood pressure above 90 mmHg, stable renal function (BUN below 50 
mg/dL; Cr below 2.0 mg/dL), stable weight, no significant arrhythmias 
on telemetry, and ambulatory status ( 26 ). 

The impact of this change on duration and cost of hospitalization was 
investigated at the authors’ institution from January 1999 to January 
2001. During this period, 155 patients were prioritized as Status IB. Of 
these candidates, 91 were discharged home. Data on cost savings, read- 
missions, and events at home were collected prospectively. Cost savings 
per patient were calculated as the hospital charge per day minus daily 
home care costs ( 26 ). In this small patient cohort, the mean time spent 
at home was 87 ± 67 d. This translated into a mean cost savings per 
patient of more than $ 100,000. Fifty-nine percent of patients required at 
least one rehospitalization prior to transplant. The most frequent cause 
for readmission was worsening CHF followed by infection or line mal- 
function. Line infections were actually more numerous in the chroni- 
cally hospitalized patients than in those who were discharged. In the 
patient group, home inotropic therapy was associated with a low mortal- 
ity and significant cost savings, although readmission rates were high. 

One major concern about the care of Status IB patients at home is the 
risk for malignant ventricular arrhythmias on continuous parenteral ino- 
tropic therapy. Indeed, few transplant centers will discharge patients 
home because of this concern. Previous studies with outpatient 
dobutamine or milrinone were terminated because of excess mortality in 
the patients receiving inotropic therapy. In our experience, only two 
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patients died suddenly at home. One patient received milrinone at 0.5 \x/ 
kg/min and the other patient dobutamine at 3 ^i/kg/min (26). Both pa- 
tients were sent home on the wearable external defibrillator device 
(Lifecor vest), but both chose not to wear the device, as they found it 
uncomfortable. Despite the low incidence of observed arrhythmias, we 
strongly recommend that all discharged patients have an implanted au- 
tomatic implantable cardiodefibrillator (AICD) or a wearable external 
defibrillator. 

Patients on inotropic therapy who remain tenuous are generally 
upgraded to Status lA. This involves support with a combination of 
high-dose inotropic agents and mechanical support (ventilation, 
intraaortic balloon pump). Those patients who, despite maximal inotro- 
pic support, begin to exhibit end-organ damage should undergo insertion 
of a LVAD as a bridge to transplant. 

Despite an increase in organs allocated to high-priority recipients, 
outcomes posttransplant have remained stable over the past 10 yr. The 
excellent outcomes in this sicker population are probably attributable to 
advances in perioperative management, including the use of LVADs and 
more specific immunosuppression. 

Usage indications for LVADs include both acute heart failure and 
CHF. A patient undergoing a high-risk coronary artery bypass graft with 
preoperative ventricular dysfunction may require a LVAD as a bridge to 
transplant if he or she cannot be weaned from bypass. A common 
indication for device placement is acute coronary syndrome causing 
profound cardiogenic shock such as extensive myocardial infarction or 
acute myocarditis. Patients are often referred during a critical stage of 
cardiogenic shock, and they frequently have multisystem failure. Deter- 
mination of the end-organ damage’ s reversibility is not acutely possible. 
Assessing a patient’ s mental status is frequently problematic because of 
a combination of sedation and the aftermath of a cardiac arrest. Major 
neurological impairment as well as irreversible organ dysfunction should 
preclude patients from transplantation. Device placement in these pa- 
tients is performed with the proviso that future transplant is possible only 
in the setting of acceptable function’s return. 

Patients with long-standing heart failure who deteriorate awaiting 
transplant are also candidates for mechanical support. Devices in these 
patients can be especially helpful by improving perfusion and providing 
a recovery period for related end-organ impairment. 

Valvular pathology may complicate the decision making process for 
LVAD placement, but it can usually be addressed. Aortic insufficiency 
is a relative contraindication to LVAD placement if not repaired, as the 
unloaded ventricle will increase the regurgitant fraction, providing little 
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forward flow from the device, thus negating mechanical support value. 
Mitral stenosis should be corrected to ensure adequate device filling 
from the LV. Atrial arrhythmias may be detrimental, as device filling 
may not be maximized. Ventricular arrhythmias can be tolerated, 
provided there is not severe PVR preventing a passive Fontan-type 
circulation. Patients with persistent ventricular arrhythmias and pulmo- 
nary hypertension may require biventricular support, and aggressive 
pharmacological maneuvers should be pursued to prevent these 
arrhythmias ( 27 , 28 ). 

Infections are the most important long-term concern after LVAD 
insertion, although they rarely affect transplant outcomes. Frequently, 
device-related infections are superficial and involve the skin around the 
outflow tract. Generally, these infections are treated with local care and 
occasional oral antibiotics. Deeper infections involve the LVAD pocket 
(preperitoneal insertion site), mediastinum, or blood (device endocardi- 
tis). Pocket infections are generally manifested by low-grade fever, 
elevated white blood count, and mild tenderness. Blood cultures are 
negative, and ultrasound reveals a collection around the device. This 
infection type is treated with drainage and intravenous antibiotics to 
prevent extension. Usually, skin organisms are the culprit, and the infec- 
tion is controlled but not eradicated until the device is removed. 

Frequently, LVAD- referred patients are in shock following cardiac 
surgery, as these patients have had at least one recent sternotomy and 
some arrive with an open chest. They are at risk for subsequent medias- 
tinal infections and are followed vigilantly for its development. Again, 
infection is generally controlled with debridement and long-term intra- 
venous antibiotics before and after transplantation. Finally, the device 
itself may become infected. Clinical signs and symptoms include fevers, 
elevated WBC, positive blood cultures and occasional device malfunc- 
tions. Transesophageal echo can evaluate the bioprosthetic valves. Eradi- 
cation comes only with device removal. 

Under the current allocation scheme, patients with device-related 
infections can be listed as a Status 1 A, because eradication is not possible 
without device removal, and extension threat is always present. 

Finally, LVAD implantation has been associated with B-cell hyper- 
reactivity and anti-human lymphocyte antigen (HLA) antibody devel- 
opment in previously negative candidates. Transplant candidates are 
periodically screened for preexisting antibodies that are directed against 
common donor HLA Class I antigens (panel-reactive antibody screen). 
Preformed antibodies are associated with early graft failure and poor 
survival. To prevent this, a donor-specific cross-match is performed at 
transplant in all sensitized candidates. Need for prospective donor cross- 
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match limits the potential donor pool to local organs and significantly 
prolongs transplant wait time. To circumvent this problem at the authors’ 
institution, treatment of sensitized patients begins with intravenous 
immunoglobin before transplant, followed by monthly cy toxan cycles to 
prevent antibody reaccumulation. Using this approach, waiting times for 
sensitized candidates were successfully reduced ( 29 ). 

Delisting Transplant Candidates 

Patients with the greatest compromise can expect the greatest benefit 
from cardiac transplantation; however, preoperative condition is an 
important postoperative outcome determinant. Moribund patients with 
severe secondary end-organ dysfunction will likely have a prolonged, 
complicated postoperative course. Massive volume overload in patients 
with renal insufficiency will likely lead to postoperative problems with 
worsening renal function, pulmonary hypertension, prolonged intuba- 
tion, coagulopathy, and hepatic dysfunction complicating recovery. For 
critically ill patients, close surveillance for infection and end-organ 
damage is needed to determine at what point they may become too ill for 
transplantation because of unacceptable operative risk. If a patient 
becomes too ill and recovery is not anticipated, transplantation should be 
delayed or denied. 

Indeed, one of a transplant physician’s most difficult decisions is a 
transplant candidate’ s removal from the active wait list when the patient 
develops irreversible end-organ damage as a consequence of unrelent- 
ing heart failure. Transplantation in this setting will result in a protracted 
intensive care hospitalization that invariably leads to death and a waste 
of a scarce resource. Failure to delist the patient only delays the inevitable 
and deprives other, more viable candidates their chance for transplant. 

Alternate Transplant Candidates 

Some high-volume transplant centers have developed programs that 
offer nonoptimal transplant candidates transplantation using organs that 
would otherwise not be placed. Hearts from donors with hepatitis C, or 
with structural abnormalities such as noncritical CAD or mild to mod- 
erate LV hypertrophy, provides a viable alternative for some candidates. 
Older recipients with isolated end-stage heart disease or younger patients 
with a comorbidity, such as significant peripheral vascular disease or 
coexistent HIV infection, are typical candidates for these organs. Use of 
these donors may also serve to gauge cardiac transplant success in 
patients with unusual diseases such as amyloid or primary cardiac malig- 
nancies. Initial results at UCLA and Columbia are encouraging ( 30 - 32 ). 
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INTRODUCTION 

In light of increasing organ demand in a stable supply setting, prompt 
and efficacious potential cardiac donor management is of paramount 
importance. Since the early description of the “ideal” donor by Griepp 
and associates in 197 1 f 7), the criteria by which donors are accepted — 
and the characteristics that determine a “high-risk” donor — have 
changed substantially {see Tables 1 and 2). Indeed, the growing accep- 
tance of donor organs that meet so-called “extended” criteria for trans- 
plantation has further emphasized the importance of aggressive donor 
management by experienced individuals whose interventions can trans- 
form otherwise unusable donors into ones of low or intermediate risk. 
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Table 1 

Griepp’s Historical Criteria Describing the Ideal Cardiac Donor (1) 
Historical donor criteria 

• Age < 30 yr 

• No significant medical problems 

• No substance abuse 

• Ischemic time < 2 h 

• No evidence of infection 



Table 2 

Examples of Some Extended Donor Criteria 
Extended donor criteria 



• Age 60+ yr 

• Significant echocardiographic abnormalities 

• Ischemic time 7 h 

• Donor/Recipient size mismatch up to 70% 

• (+) Blood/Urine/Sputum cultures 

• (+) Hepatitis B and/or hepatitis C 

• Significant pressor/inotrope requirements 

• Donor substance abuse 

• Longstanding diabetes mellitus 



This chapter’ s purpose is to review the basic practical donor manage- 
ment principles and to address other strategies for extending basic donor 
criteria to include so-called “high-risk” donors. The donor management 
algorithm used at Columbia-Presbyterian is reviewed as are the current 
recommendations of the American College of Cardiology, the United 
Network for Organ Sharing, and a recent consensus panel on donor use. 

Ultimately, however, it must be remembered that the donor “risk” 
question represents a larger intellectual balance of both donor and recipi- 
ent risk characteristics. Thus, the number of and extent to which donor 
criteria are waived (“extended”) in a given circumstance often more 
closely represents the acuity of the recipient’s condition than the actual 
donor utility (or risk). 

IDENTIFYING THE CARDIAC DONOR 

Naturally, the ideal cardiac donor is of an “appropriate” age and has 
suffered a catastrophic enough cerebral event to be declared brain dead, 
but has otherwise exhibited stable hemodynamics (and excellent cardiac 
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function) during their hospitalization. One pursues donors whose clini- 
cal progress is notable for an absence of “major” exclusion criteria: (a) 
significant penetrating cardiac trauma, (b) known cardiac disease, (c) 
prolonged cardiac arrest (greater than 15 min) with associated chest 
compressions or intracardiac injections, (d) a human immunodeficiency 
virus (HlV)-positive history, or (e) the presence of a major extracranial 
malignancy. Later, this chapter discusses other “minor” criteria, as they 
represent areas of contention and help to define the high-risk donor. 

Although generally not the purview of the cardiac surgeon or trans- 
plant team, consent for organ donation should be requested by a profes- 
sional trained in its acquisition. Multiple studies have demonstrated that 
the consent rate for organ donation at the request of an organ procure- 
ment organization (OPO) member is favored over a physician’s request 
(2). Therefore, we strongly encourage the early involvement of such 
OPO-designated individuals in the transplant process. 

Appropriate multiorgan donor assessment and management requires 
a careful balance of the solid organ transplant teams’ competing clinical 
agendas. For example, whereas aggressive fluid infusion may favor the 
cardiac or renal procurement teams, it may be detrimental to those pro- 
curing lungs. Conversely, the addition of inotropes to maintain blood 
pressure in lieu of volume resuscitation may favor pulmonary procure- 
ment but may deplete myocardial adenosine adenosine-triphosphate 
(ATP) stores. Ultimately, adherence to a therapeutic algorithm that 
maximizes donor hemodynamic stability and end-organ perfusion gen- 
erally favors all various solid organ procurement teams involved and 
is a goal that is easily tenable with some diplomacy. 

DONOR ASSESSMENT 

Formulating an accurate initial donor assessment at first referral relies 
on clinical practice fundamentals. Often, this task is complicated by the 
limited capabilities of the center where the donor resides (e.g., a small 
community hospital), including a lack of invasive monitoring (Swan- 
Ganz catheterization, serial arterial blood gas analysis) or the fact that 
multiple inotropes or vasopressors are not available. Under these 
circumstances, we have found it important to return to basic patient 
management principles. 

What are the Vital Signs? 

A blood pressure should be obtained every 2 h, as should a transduced 
central venous pressure (CVP) or, preferably, pulmonary artery (PA) 
catheter readings. Fluid “ins and outs” must be recorded hourly and 
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accurately, and a temperature should be recorded every 4 h (temperature 
should be maintained above 96°F). 

What Is the Blood Pressure? 

All attempts should be made to maintain the systolic blood pressure 
above 100 mmHg. Hypotension may be treated with various colloid or 
crystalloid solutions (as indicated by electrolyte abnormalities) or by 
packed red blood cell infusion should the hematocrit fall below 30 mg/dL. 
Most fluids should be given through fluid warmers. Should hypotension 
persist despite euvolemia (CVP 10-15 mmHg), low-dose inotropic or 
vasopressor support may be indicated. 

Are There Vasopressor Requirements? 

Most centers titrate dopamine or dobutamine at 5-10 pg/kg/min to 
maintain the systolic blood pressure above 100 mmHg. If these require- 
ments increase despite euvolemia, the authors have found low-dose 
arginine vasopressin (AVP) (0.01-0.05 U/min) to be effective in supple- 
menting the vasopressor effect (to be discussed later) ( 3 ). Neosynephrine, 
epinephrine, and norepinephrine may be used in low doses to counteract 
the vasodilation that follows brain death, but they must be titrated 
carefully so as not to compromise arterial inflow to the abdominal vis- 
cera. Acid/base status impacts substantially on inotrope and vasopressor 
efficacy, thus significant acidemia or alkalemia must be corrected. 

What Is the Urine Output and How Is It Trending? 

The goal is to maintain urine output greater than 2 cc/kg/h. A common 
pathophysiologic brain death response is diabetes insipidus, which may 
be reflected by (1) serum sodium greater than 150 mEq/L, (2) serum 
osmolarity greater than 310 osm/L, or (3) urine output greater than 7 cc/ 
kg/h. Under these circumstances, CVP monitoring is essential, and treat- 
ment by urine output replacement cc for cc with crystalloid (D5 1/3 or 
D5 1/4 NS) as well as with intravenous desmopressin (DDAVP) (0.05- 
0. 10 U/min) is indicated to maintain euvolemia and electrolyte balance. 

Is the Donor Adequately Oxygenating 
and What Is the Acid-Base Status? 

Arterial blood gas analysis is the gold standard and should be avail- 
able universally. Often, however, small hospitals do not provide con- 
tinuous arterial access to donors, and serial analysis may require 
re-emphasis of its importance with the donor intensive care unit (ICU) 
team. Standard ventilator management to rectify abnormalities in arte- 
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rial partial pressures of oxygen (Pa 02 ) and carbon dioxide (PaC 02 ) must 
be employed, and arterial pH must be maintained within normal limits 
to ensure adequate end-organ function and allow efficacious vasopres- 
sor and inotrope use. 



DONOR SELECTION: 

STANDARD CARDIAC PARAMETERS 

All donors should have a 12-lead electrocardiogram (EKG). Nonspe- 
cific ST changes associated with brain death are common; however, 
major abnormalities generally require inquiry, especially if present in 
concert with other cardiac risk factors. Although the significance of 
elevated cardiac enzymes (e.g., creatinine phosphokinase-MB fractions, 
troponin T) in the donor referral setting has been investigated, there has 
been no clear consensus regarding their use. At present, we and others 
use serum enzyme markers as indicators that more detailed evaluation is 
required, should the magnitude of their elevation not correlate with other 
clinical findings. For example, as Grant has suggested, an otherwise 
acceptable donor with significantly elevated troponin T levels may 
warrant further echocardiographic analysis to demonstrate the absence 
of progressive cardiac deterioration ( 4 ). Similarly, a donor requiring 
significant catecholamine support but with a normal troponin T warrants 
further evaluation as a potentially useable source ( 5 ). 

Generally, transthoracic echocardiography (TTE) is available at all 
designated donor hospitals, although, if necessary, portable TTE devices 
brought by the consulting donor team may be used for local donors for 
whom TTE has been absent or equivocal. Although not essential, TTE 
allows for the elimination of donors with intracardiac abnormalities 
(e.g., valvular pathology or septal defects). Clearly, a completely 
“normal” TTE indicates unequivocal physiologic candidacy, and, 
conversely, a significantly “abnormal” exam (e.g., valvular stenosis or 
insufficiency, substantial focal wall motion abnormalities) precludes 
use. However, interpreting the significance of other “intermediate” TTE 
abnormalities-especially mild hypokinesis-on posttransplant outcome 
remains difficult. 

Gilbert and colleagues demonstrated TTE’ s use in 74 potential donor 
organs ; of these, 2 1 would have been discarded had they not been cleared 
echocardiographically ( 6 ). Seiler et al. described complete wall motion 
abnormality resolution in all transplant recipients whose donors 
demonstrated mild to severe wall motion abnormalities. (7). 

Investigators at the University of Virginia re-emphasized this finding 
by evaluating posttransplant “recovery” in patients whose donors dem- 
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onstrated reduced left ventricular ejection fraction (LVEF) (39 ±11%) 
on TTE by serial posttransplant TTE analysis. Their findings over the 
perioperative period revealed gradual improvement from 49 ± 8% (Id) 
to 55 ± 3% (30 d) ( 8 ). 

Although generally not as available, often transesophageal echo- 
cardiography (TEE) clarifies contentious findings on TTE. Body habi- 
tus, trauma dressings, and operator inexperience may render TTE 
windows suboptimal, or at least technically difficult, where TEE may 
resolve such confusion. Stoddard et al. demonstrated excellent correla- 
tion (16/17) between TTE and TEE in their small cohort; however, the 
findings of TEE eliminated five more donors than TTE (9). 

Perhaps more important to donor selection than echocardiographic 
analysis may be the difficulty of relying on an outside echocardiogram 
interpretation by a referring cardiologist who is inexperienced in the 
common echocardiographic findings of neurologic dysfunction and brain 
death and who has a presumed incentive to overestimate minor 
echocardiographic findings (a tendency to “overcall” for fear of subse- 
quent lawsuit or blame for posttransplant dysfunction). Lewandowski 
and investigators at the University of Michigan compared donor 
echocardiogram interpretations screened by cardiologists at referring 
donor hospitals to those of “experts” trained in donor heart selection. In 
67 patients, they found poor correlation between two groups: minor 
abnormalities were 18% sensitive and 75% specific (53% agreement), 
major abnormalities were 33% sensitive and 94% specific (77% 
agreement), and the designation “unusable” was 33% sensitive and 96% 
specific (81% agreement); the recommendation (by the referring cardi- 
ologist) to reject a donor based on the echocardiogram was considered 
inappropriate (by the experts) in two patients ( 10 ). 

Generally, coronary angiography with left ventriculography is 
required for male donors greater than 45 yr and female donors greater 
than 55 yr based on the likelihood of coronary atherosclerosis’ in these 
age groups. In addition, catheterization is often requested when there is 
a significant history of longstanding hypertension, cigarette smoking, 
insulin-dependent diabetes, cocaine use, or focal electrocardiographic 
or echocardiographic abnormalities. However, coronary angiography is 
frequently unavailable at small referring donor hospitals, and, in these 
cases, depending on the recipient’s acuity and the other concomitant 
donor risk factors, direct coronary palpation for atheromatous plaques 
by an experienced donor team may represent the best alternative assay 
of coronary disease. In addition, mild hypokinesis evident on echo- 
cardiogram can be analyzed more closely in the operating room by 
needle-pressure assessment of the PA or left atrium, as indicated. 
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DONOR SELECTION: 

OTHER STANDARD PARAMETERS 

Size 

Donor size is matched to recipient size on weight basis, where a 
discrepancy greater than 20% is generally considered significant. This 
crude size parameter seeks to estimate donor-recipient compatibility so 
that the heart is of sufficient size to support the recipient circulation, but 
is not so large as to preclude sternal closure or promote tamponade. 
Because of frequent massive recipient cardiac dilatation in the long- 
standing heart failure setting, it is rare for even a substantially larger 
donor heart not to fit in the recipient’s pericardium and thus allow for 
chest closure (this is generally more of a pediatrie recipient concern). An 
unusually tall recipient can infrequently require that the donor team 
procure more superior vena caval tissue (often up to and including the 
innominate vein) to allow enough length to span the intercaval vertical 
distance. In an effort to potentially alleviate posttransplant right ven- 
tricle (RV) failure risks, some centers purposely seek considerably larger 
donors for patients whose preoperative pulmonary hemodynamic pro- 
files suggest pulmonary hypertension. However, this strategy is theo- 
retical. The converse (using a significantly undersized heart for a 
recipient with high preoperative pulmonary hemodynamic indices) is 
not recommended, as the donor RV may not be equipped to tolerate the 
increased afterload posttransplant. 

Despite the emphasis placed on size compatibility and functional 
potential, several investigators have revealed weight to be a poor heart 
size or function surrogate. In 1989, Hosenpud demonstrated that small 
hearts rely on increased heart rate and elevated filling pressures to achieve 
adequate cardiac output, but also showed that there is no correlation 
between donor weight and cardiac output or stroke volume ( 11 ). In 
contrast, investigators at Temple University demonstrated a gradual 
increase in LV mass among undersized hearts when compared with 
controls over a 1 0-wk posttransplant period ( 12 ). Also, Chan et al. evalu- 
ated the echoeardiograms of 235 normal adults and demonstrated no 
difference in LV dimensions between 40-90 kg women or 50-99 kg 
men; they found major incompatibilities only at extremes of height, 
weight, and body surface area ( 13 ). 

Weight, at present, remains one of few size parameters widely avail- 
able for estimating heart size or function. Nonetheless, the transplant 
clinician must realize the above limitations in its consideration. 




26 



Chapter 2 / Management of High-Risk Donor 



Table 3 

Studies Examining the Effect 
of Increasing Donor Age on Posttransplant Outcome 



Study 


Year 


n 


Age range 


Findings 


Schuler (14) 


1989 


lA 


36-54 yr 


No difference in survival 
No difference in 1 .4-yr 
angiogram 


Mulvagh (15) 


1989 


A1 


35-59 yr 


No difference in survival 
No difference in graft function 


Alexander (16) 


1991 


165 


45-55 yr 


No difference in survival 


Menkis (17) 


1991 


19 


40-59 yr 


No difference in survival 


Luciani (18) 


1992 


18 


40-55 yr 


No difference in survival 
Higher infection rate in older 
group 


Ott (19) 


1994 


22 


40-66 yr 


No difference in survival 


Ibrahim (20) 


1995 


40 


40-62 yr 


No difference in survival 


Tenderich (21) 


1998 


19 


57-78 yr 


No difference in survival 
for > 60 yr 


Chen (22) 


2000 


305 


27-64 yr 


No difference in 30-d mortality 



Age 

Donor age was one of the first criteria extended in an effort to expand 
the donor pool. Indeed, since the Stanford Group identified the ideal 
donor as less than 30 yr, several investigators have reported successful 
heart use from donors as much as twice that age ( 14-22 ). The traditional 
concern with older donors has been coronary atherosclerosis; however, 
in its absence (usually confirmed by coronary angiography), what pre- 
vents the graft from potentially functioning for another 30 yr? In other 
words, what is the likelihood that other competing risks posttransplant 
will not substantially outweigh the risk resulting from donor age alone — 
how can one estimate the “biological age” of the graft itself? 

Table 3 collates a few major publications that have evaluated the 
effect of age on posttransplant survival, and, from this, it is clear that age 
alone does not specifically impact survival. Recently, we have accepted 
donors of increasing age with good result, but we generally suggest that 
donors greater than 50 yr be considered only if demonstrated to be free 
of coronary atherosclerosis by either angiography or direct palpation. 
Again, the impetus to accept increasingly older donor organs may often 
reflect the recipient’s acuity or general condition (e.g., accepting a 65-yr- 
old donor for a 65-yr-old Status 1 recipient, not for a 25-yr-old Status II 
recipient), thus it represents risk balancing between donor and recipient. 
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Ischemic Time 

Although the traditional benchmark for acceptable cold ischemic time 
was 120 min, this, too, has been extended so that the current benchmark 
is approx 240 min. Certainly, innumerable reports have documented 
successful ischemic times of up to 9 h, especially in the pediatric popu- 
lation; however, the impact of progressively long ischemic times may 
not be reflected easily in perioperative mortality statistics. It has been 
suggested that impaired (i.e., not catastrophic) preservation’s “minor” 
effects are most often reflected by more protean manifestations (pro- 
longed postoperative inotrope dependence, prolonged ICU stay, etc.) 
rather than acute graft failure. Ironically, longer ischemic times may 
result in more consistent, colder donor organ preservation, as shorter 
times necessitate wider fluctuations in temperature over a shorter time 
period; the significance of these differences on postoperative function is 
unknown. 



Inotropic/Vasopressor Support 

Early donor inclusion criteria often included an inotrope limitation of 
10 (xg/kg/min dopamine or dobutamine infusions. We currently have no 
exclusion criteria, and it is not uncommon for us to accept organs from 
donors receiving “wide open” inotrope and vasopressor infusions. Here, 
potentially more than anywhere else in donor management, use of expe- 
rienced on-site clinicians (generally transplant coordinators) is critical. 
Attention to regulation of acid/base status, serum electrolyte abnormali- 
ties (especially calcium), hypothermia, oxygenation, and euvolemia 
often reduces or eliminates such requirements. 

Natural brain death progression involves an initial surge of catechola- 
mine release, followed by its converse, and an additional series of 
neurohumoral deficiencies, most of which result in hypotension. In the 
early 1990s, we were encouraged by the dramatic effects of intravenous 
triiodothyroidine (T3; 2-A pg bolus, 2-A pg/h infusion) as an adjunct to 
help reduce vasopressor and inotrope requirements; these practical 
efforts were based largely on by Novitsky’s preliminary primate and 
human work demonstrating a relative thyroid hormone deficiency in the 
brain death setting, the rectification of which led to improved hemo- 
dynamics in this and later studies (23,24). This enthusiasm waned some- 
what in the late 1990s, owing to the medication’s cost (and often limited 
availability at donor hospitals) as well as its inconsistent effect. 

More recently, it was demonstrated that a substantial number of 
hemodynamically unstable donors display a relative deficiency in the 
naturally occurring hormone vasopressin (3). The deficiency in this 
hormone is known to account for the diabetes insipidus phenomenon 
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Fig. 1. The effect (MAP) of low (physiologic)-dose infusion of arginine vaso- 
pressin to donors on high-dose catecholamine vasopressors who demonstrated 
hemodynamic instability. From ref. 3 with permission. 
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Fig, 2. The effect (catecholamine requirement) of low (physiologic)-dose infu- 
sion of arginine vasopressin to donors on high-dose catecholamine vasopres- 
sors who demonstrated hemodynamic instability. From ref. 3 with permission. 



during brain death, where the treatment is a DDAVP infusion. DDAVP 
is a vasopressin analog with an almost exclusive effect on the vaso- 
pressin V 2 (renal) receptors. This central deficiency in vasopressin also 
accounts for a peripheral deficiency of hormone available to stimulate 
the vasopressin V 1 (vasoconstrictor) receptor; however, this fact was 
underappreciated. 

Infusions of low (physiologic)-dose, commercially available AVP 
(which has both Vj and V 2 effects) has helped salvage countless donors 
from hemodynamic instability (Figs. 1 and 2 ) ( 3 ). From this, we have 
postulated that in the setting of brain death a central vasopressin defi- 
ciency may lead to dramatic vasodilation unresponsive to catecholamine 
pressor infusion; correcting this deficiency allows for hemodynamic 
stability and better vasomotor tone ( 3 ). 
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The suggestion to add a low-dose vasopressin infusion often meets 
with resistance, particularly from the renal procurement teams . However, 
we contend that it is better physiologically to require dramatically fewer 
vasopressors with a small amount of AVP than to continue giving 
increasing doses of pressors, with their other attendant detrimental effects 
(e.g., lactic acidosis, end-organ hypoperfusion, etc). 

ABO Compatibility/Positive Cross-Match 

Although there appear to be no appreciable sequelae to transplanting 
across Rhesus blood groups, transplantation within ABO blood groups 
remains axiomatic. On occasion, we have transplanted across ABO- 
compatible blood groups with poor results, even with adjunctive plas- 
mapheresis and additional immunosuppression. 

Patients awaiting transplantation on our waiting list routinely un- 
dergo standard panel reactive antibody (PR A) testing at regular intervals 
to confirm that their reactivity is less than 20%. For those above this 
level, a prospective lymphocytotic cross-match is mandatory prior to 
transplantation, essentially limiting the potential donor pool to local 
donors only. Occasionally, we have transplanted across a positive cross- 
match (and on more occasions transplanted inadvertently across a retro- 
spectively positive cross-match) with reasonable results. In this setting 
(and for those awaiting transplantation whose PRA is high), a combina- 
tion therapy of cyclophosphamide, intravenous immunoglobulin, and/or 
plasmapheresis has been useful in lowering apparent immune reactivity 
{see also Chapter 8) (25). The overall results in these settings, however, 
remain marginal. 



Trauma 

In general, most centers have avoided donors who have withstood 
significant chest trauma for fear of apparent or occult cardiac contusion. 
Additionally, some have feared the potential infectious risk of prolonged 
tube thoracostomy in this setting. The authors have found that, as in 
routine trauma patients, the cardiac contusion diagnosis can be difficult, 
as the findings of generalized ST abnormalities on EKG, or pericardial 
fluid on echocardiogram, may be evident even in atraumatic donors. 
Investigators have previously demonstrated neither short cardiac resus- 
citation episodes nor significant hemothorax/rib fractures to impact on 
posttransplant graft function (26,27). Generally, we do not accept donors 
who have undergone open cardiac massage or intracardiac injection; 
however, we do consider donors with appreciable closed resuscitation 
efforts. In these situations, the experienced opinion of the harvest team 
(e.g., hemopericardium? overall function?) is essential. 
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Substance Abuse/Poisoning 

It is rare to find a donor who has no history of previous substance use 
and/or abuse. Most commonly found is a history of cigarette use that, if 
chronic and substantial, may warrant coronary angiography. The second 
most common finding is a history of marijuana use, the significance of 
which is unclear. Often, marijuana use may represent additional intrave- 
nous drug use. This certainly raises the transmissible disease specter and 
warrants more detailed investigation. 

Often, donors have a history of alcohol abuse, and it has been sug- 
gested that in these cases “preclinical” alcoholic cardiomyopathy could 
lead to a latent graft dysfunction postoperatively. Houyel has suggested 
that hearts from alcoholic donors demonstrate increased wall thickness 
and LV mass, with questionable LV filling impairment; this is thought 
to be independent of the duration of their alcoholism (27). Freimark’s 
cohort analysis (17 of 100 donors were alcoholic) demonstrated 
decreased survival in recipients of these organs at 1 and 2 yr (6 1 vs 95%) 
(28). Unfortunately, estimating the true magnitude of a given donor’s 
alcohol use (and thus the organ’s suitability) is difficult and, unless 
egregious, generally is not weighted heavily. 

Cocaine use is known to be correlated to vasospastic coronary disease 
and even myocardial infarction. As with other illicit substances, the 
quantity and administration method (intranasal, intravenous) is gener- 
ally unclear. Freimark evaluated 112 consecutive donors at UCLA and 
found a 16% incidence of significant cocaine use. In this cohort, there 
was no evidence of prior cocaine use’s impact on morbidity, mortality, 
or endomyocardial ischemia (by biopsy) (29). 

Various poisons have aceounted for brain death in potential donors. 
Several case series have demonstrated successful heart transplantation 
from donors who suffered cyanide or carbon monoxide poisoning (both 
traditionally absolute contraindications to use) (30,31). Because the 
history and impact of significant substance abuse or poisoning is incom- 
plete, we have tended, in these circumstances, to rely heavily on the 
echocardiogram and the donor team’s opinion at visualization to assess 
global myocardial function. 



Infection 

Pyrexia is a common finding of the brain-dead state, and finding 
positive cultures is extremely common in organ donation, owing largely 
to prolonged ICU support prior to the donation consent acquisition. 
Thankfully, in the current broad-spectrum antibiotic era, the rate of 
bacterial infection transferred from cardiac donor to recipient is exceed- 
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ingly low. Naturally, any organisms known to have been cultured from 
the donor should form the basis for specific recipient preoperative and 
postoperative antibiotic prophylaxis. Sweeney demonstrated a lack of 
transmission from 17 donors with significant positive cultures (32), and 
Jeevanandam reported 2 of 25 donors with positive cultures resulting in 
posttransplant infections (33). 

Toxoplasmosis has been transmitted in the donor graft but may not be 
suspected until present on posttransplant endomyocardial biopsy. For 
those recipients who demonstrate prior exposure, no therapy is neces- 
sary; for those who are negative and receive an organ documented to be 
toxoplasma-positive or who receive an organ from a donor with unknown 
toxoplasma status, prophylaxis with pyramethamine and folate is initi- 
ated for the first 6 wk after transplant (see Chapter 7). HIV positivity 
remains an absolute contraindication to organ donation. 

The use of donors with a positive hepatitis panel remains contentious. 
Hepatitis B surface antibody positivity, reflecting exposure, has not been 
a contraindication to use. We do not consider Hepatitis B core antibody 
positivity, reflecting recent exposure, as a contraindication to transplan- 
tation, but, generally, this is not accepted worldwide. Traditionally, 
hepatitis B surface antigen positivity, indicating active infection, has 
represented an absolute contraindication to transplantation. We and 
others are currently studying this cohort to evaluate whether these hearts 
could be used for recipients who received the proper pretransplant 
immunization and who will receive appropriate posttransplant therapy. 

Hepatitis C donors are equally controversial, as many studies have 
demonstrated poor outcome for recipients of hepatitis C-positive hearts 
and have shown a substantial seroconversion rate among recipients 
(34,35). A. potential solution is the use of hepatitis C-positive hearts for 
hepatitis C-positive recipients; however, this generally requires using an 
alternative list for transplantation, which is discussed later. 

STRATEGIES TO BROADEN DONOR AVAILABILITY 
Nonbeating Donors 

Some enthusiasm has arisen from the liver and kidney procurement 
literature for organ use from nonbeating donors. Whereas experimental 
literature suggests that hearts may be harvested as long as 30 min post- 
mortem, this process requires preservation with blood cardioplegia prior 
to cardiac arrest, the logistics of which in the human condition are unclear 
(36,37). Indeed, the further legal implications of cardiac death vs brain 
death, the lack of good long-term results from animal studies, and the 
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Table 4 

Consented Heart Referrals Not Recovered 
in the United States in 1995 (38) 



Reasons not recovered 


Number 


Infection 


27 


Coronary artery disease 


70 


Advanced age 


265 


Poor ventricular function 


918 


History of prolonged downtime 


119 


Total 


1399 



Table 5 



Comparison of the Effects of Broadening the Donor Criteria vs Increasing 
Consent Rates on the Number of Hearts Available Annually in 1995 (38) 





10% 


25% 


50% 


Broadening donor criteria 


141 


351 


701 


Increasing consent rates 


252 


630 


1260 



need for pretreatment with heparin and/or free radical scavengers ren- 
ders this an unlikely donor organ source in the immediate future. 

Consent Rates 

Whereas most efforts have been directed at expanding the donor pool 
by broadening donor acceptance criteria, it must be remembered that 
potentially the largest impact may be made by increasing consent rates. 
Rayburn investigated the national recovery of consented heart referrals 
for 1995 and collated the reasons donors were declined {see Table 4). 
Although difficult to estimate, clearly a proportion of these donors would 
surely have been used today, albeit potentially as “high risk.” Rayburn 
then estimated the number of hearts that would be made available by 
either broadening donor criteria or increasing consent rates by 10, 25, 
and 50%, respectively {see Table 5). As demonstrated, the effect of 
increasing consent rates is nearly double that of extending donor criteria 
( 38). Furthermore, of this proportion, not all would be marginal donors, 
hence the increase in usable donors would likely be greater. Thus, it is 
imperative that transplant clinicians consistently make efforts toward 
community education to promote an increase in organ donation consent. 




Chen and Edwards 



33 



Alternate List 

Since 1996, investigators from UCLA have promoted the alternate 
transplantation waiting list concept, in which candidates who would not 
be considered for transplantation under standard criteria on an age basis 
or other “minor” exclusion criteria (e.g., diabetes, hepatitis), might 
receive hearts that otherwise would have been discarded (39,40). 
According to their scheme, a standard donor heart would first be offered 
to the appropriate Status I recipient. If declined, it would then be offered 
to the next Status II recipient. If declined again, it would be offered to the 
appropriate alternate list recipient. Similarly, if a “marginal” heart 
became available, but was declined by the first Status I recipient on the 
list, it would be offered to an alternate list recipient. Marginal hearts 
would not be offered to Status II patients. The results of this format have 
been promising and have demonstrated few complications attributable 
solely to recipient comorbidities. 

We have also employed an alternate list based on similar schema. The 
alternate list concept is particularly appealing in that it may use normal 
hearts that otherwise would be discarded for lack of an appropriate re- 
cipient. However, the transplant clinician must be careful of “stacking 
risks” for those hearts that are more high-risk, for the marginal donor and 
marginal recipient combination clearly creates a marginal outcome. For 
the authors’ alternate list, this has meant restricting the defining (alter- 
nate) criterion to one (e.g., a 67-yr-old patient, not a 67-yr-old patient 
with hepatitis) and resisting the tendency to list significantly high-risk 
recipients with multiple comorbidities. 

CONCLUSION 

Such donor-recipient mismatching as promoted by the alternate list 
represents the consideration central to every potential donor referral 
acceptance. Extending donor criteria to include “riskier” donors has 
largely stemmed from the acuity of the Status I list. Indeed, as medical 
heart failure management has improved over the past two decades, so, 
too, have the patients on the Status I list become potentially sicker. Thus, 
whether to consider the donor with minor TTE changes, chronic alcohol- 
ism, and a possible history of cocaine use derives largely from whether 
the designated recipient is a Status I patient dying in the ICU, a Status II 
patient otherwise well at home, or a patient from the blood group O 
alternate list. We continue to advocate aggressive marginal donor man- 
agement, in particular because of a programmatic sense that many are 
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actually poorly managed reasonable donors. We also continue to push 
comorbidity limits by which we may accept patients on their waiting list. 
However, as Copeland suggested ( 41 ), cost effectiveness is a social 
imperative in these situations, and we must constantly remember that the 
donor use assessment always represents the critical evaluation of the 
donor-recipient combination, rather than individual donor characteris- 
tics alone. Ultimately, this combination accounts for posttransplant sur- 
vival and, therefore, equitable scarce resource use. 
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INTRODUCTION: HISTORICAL PERSPECTIVE 

Origins of the United Network for Organ Sharing 

The United Network for Organ Sharing (UNOS) was established in 
1977 to provide a computerized sharing network for transplant centers 
that were not South-Eastern Regional Organ Procurement Program 
(SEROPP) members. The need for a computerized system became evi- 
dent with the discovery that outcomes dramatically improved for kidney 
recipients when human leukocyte antigen (HLA) matching was per- 
formed. SEROPP began this work when it was awarded a contract by the 
Kidney Disease and Control Agency of the Public Health Service in 
1969 and provided services for eight transplant centers, which later 
expanded to 18 centers. SEROPP demonstrated that appropriately 
matched, procured, and preserved kidneys could improve graft survival 
and ultimately improve patient outcomes ( 1 ). 

UNOS had access to SEROPP’ s computerized registry and began 
offering the service on a national level, as well as maintaining a registry 
for other organs. The UNOS that is familiar to all in the transplant world 
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today began to take shape in 1982, when SEROPP and UNOS combined 
forces to create the “Kidney Center.” This later evolved into the “Organ 
Center,” as it is currently known. Status codes were established along 
with policies and procedures, as all organs were placed through the 
Organ Center. UNOS began maintaining a national registry and coordi- 
nating organ placement as well as collecting outcome data. UNOS then 
became a private, not-for-profit, voluntary organization with a defined 
mission, and, in 1986, it was awarded the federal contract to operate the 
national registry as well as to establish the Scientific Registry, where all 
transplantation and donation data are stored and compiled. By 1987, 
UNOS was the sole organ center operator. During this time, transplant 
centers were required to be members of the UNOS-operated Organ 
Procurement and Transplant Network (OPTN) under the Omnibus Rec- 
onciliation Act of 1986 and thereby abide by the policies and procedures 
set forth by UNOS. Under this regulation, centers could not receive 
federal Medicare/Medicaid funds if they continued to transplant as non- 
members. 



Organization 

After these changes took effect, a board of directors was established 
consisting of 1 5 transplant surgeons and physicians and 1 6 nonphysician 
members, including patients, public members, and voluntary health 
organization members, as well as representatives from the tissue-typing 
laboratories and independent organ procurement organizations. The 15 
transplant physicians were representatives from the 10 UNOS regions 
including 5 members of the board: president, immediate past president, 
vice president, treasurer, and secretary. The board later grew to 16 
physician-members when a thoracic member was added (1). The board 
structure was designed to represent both the transplant industry and the 
community it was to serve. The organization’ s administrative component 
was established with an executive director and an assistant executive 
director leading operational management. Eleven regions were estab- 
lished, each with a regional administrator who communicated with the 
standing UNOS committees and the board of directors. National com- 
mittees and ad hoc committees were established to guide policymaking 
on transplantation and procurement issues. Fifteen permanent standing 
committees exist today: Communications, Ethics, Finance, Member- 
ship and Professional Standards, Thoracic Organ Transplantation, His- 
tocompatibility, Kidney and Pancreas Transplantation, Liver and 
Intestinal Organ Transplantation, Transplant Administrators, Pediatric 
Transplantation, Patient Affairs, Organ Procurement Organization 
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(OPO), Organ Availability, Minority Affairs, and Data Advisory. This 
structure ensures that UNOS remains abreast of current practices at the 
operational level, with each committee receiving regional and national 
input. 



Policymaking 

UNOS policies and procedures continue to evolve, as does the trans- 
plantation field itself. Usually, changes to current policies and proce- 
dures originate from the transplant/donation community. Opportunity 
also exists for public comment on any changes to UNOS practices. Final 
policy decisions are made only after regional and national review by all 
parties concerned. 

By 1998, the role of UNOS was again under review. The OPTN 
awarded two separate contracts for operating the Organ Allocation Sys- 
tem and the Scientific Registry for 3-yr periods. In 2000, the contract for 
the Scientific Registry was awarded to the University Renal Research 
Education Associates, with UNOS charged to maintain and promote an 
equitable organ sharing system. 

CURRENT UNOS POLICY AND PROCEDURE 

As wait times for transplant increase and the mortality rate rises for 
those waiting, it is no surprise that the thoracic organ distribution system 
is constantly reviewed and revised to promote equitable policy and ensure 
that those in urgent clinical need are transplanted. Of all transplant lists, 
the cardiac wait list is probably the most dynamic. A patient’s clinical 
status can change rapidly, and the patient’s wait list status needs to be 
adjusted accordingly. In 1999, the change in UNOS policy for listing 
heart recipients came into effect to ensure that the sickest patients had the 
greatest transplant opportunity. 

Current Thoracic Allocation Policy (2002) 

Patients are listed as Status 1 A when they meet the following criteria 
(UNOS Policy 3.7, Allocation of Thoracic Organs): 

1 A(a). Mechanical circulatory support for acute hemodynamic decompen- 
sation that includes at least one of the following devices. Patients meet- 
ing this criterion may be listed for 30 d at any point after being implanted 
as Status 1 A once the treating physician determines that they are clini- 
cally suitable for transplant. Admittance to the transplant center hospi- 
tal is not required. 

i. Left and/or right ventricular assist device 
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ii. Total artificial heart 

iii. Intra-aortic balloon pump 

iv. Extracorporeal membrane oxygenation (ECMO) 

lA(b). Mechanical circulatory support for more than 30 d with objective 
medical evidence of significant device-related complications, such as 
thromboembolism, device infection, mechanical failure, and/or life- 
threatening ventricular arrhythmia. (Patient desensitization is not an 
appropriate device-related complication for qualification as Status 1 A 
under this criterion.) 
lA(c). Mechanical ventilation 

1 A(d). Continuous infusion of a single high-dose intravenous inotrope (e.g., 
dobutamine a 7.5 mcg/kg/min or milrinone a 0.50 mcg/kg/min), or 
multiple intravenous inotropes, in addition to continuous hemodynamic 
monitoring of left ventricle (LV) filling pressures 
1 A(e). A patient who does not meet the criteria specified above may be listed 
as Status 1 A if the patient is admitted to the listing transplant center and 
has a life expectancy without a transplant of less than 7 d 

All patients listed as a Status lA must have a “justification form” 
submitted to UNOS within 24 h. Any delay in justification form receipt 
will result in the patient being downgraded to the next lower category. 
The justification form is a certification process that renews a patient’s 
status. For categories (a), (b), and (c), the patient needs to be recertified 
every 14 d. 

Category lA(a) now includes additional criteria, as the lA time 
commences when the physician determines that the patient is ready for 
transplant, and not simply at insertion of the left ventricular assist device 
(LVAD). The issue of when to transplant a patient who has received an 
LVAD is not new. Originally, these patients were listed as a Status 1 A 
immediately at insertion of the LVAD and remained at 1 A status for 30 d 
postimplantation. After 30 d, the patient was automatically downgraded 
to Status IB. However, in clinical practice, this does not benefit the 
patient. Many patients requiring a LVAD are debilitated during the 
immediate postoperative phase and can not tolerate transplant during 
this time. The LVAD allows for hemodynamic recovery ( 2 ). Addition- 
ally, some patients may experience ventricular recovery, and it may not 
be in their best interest to proceed directly to transplantation without a 
full exploration of their options ( 3 ). 

Categories (d) and (e) are more complicated. The certification for 
category (d) is valid for 7 d and is only renewed for an additional 7 d for 
each occurrence. In practice, if the patient is not transplanted within this 
period, the patient remains a 1 A, but the category is changed to lA(e). 
The 1 A(e) category is valid only for 7 d and is renewed only once for an 
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additional 7-d period. However, any further extension requires a confer- 
ence call with the applicable UNOS Region Review Board. The board 
is comprised of all of the region’s transplant center members and effec- 
tively acts as a peer review committee to ensure that the criteria for 
listing remain valid. 

Patients not listed as Status 1 A may fall into the next three categories: 
Status IB, Status 2, orUNOS Status 7. Status IB patients may be at home 
or in the hospital and must fulfill one of the following criteria: 

lB(a). Left and/or right ventricular assist device implanted lB(b). 
Continuous infusion of intravenous inotropes 

A justification form is required from the attending physician and must 
be received within 24 h; otherwise, the patient is downgraded to Status 2. 
Additionally, a patient who does not meet the criteria stated above is 
assigned Status IB if the patient’s clinical condition warrants listing 
under this category. After a justification form is submitted, the Regional 
Review Board decides if the listing is appropriate. For example, this can 
occur with patients suffering from ischemic heart disease who require 
continuous intravenous infusions of vasodilators such as nitroglycerin 
and cannot be managed on oral medications. This is considered as an 
exception and the decisions of the Regional Review Board are submitted 
to the Thoracic Organ Transplantation and Membership and Professional 
Standards Committees to determine consistency within the regions. 

Currently under discussion is nesiritide use (Natrecor, Scios Inc., 
Sunnyvale, CA) and its clinical application in heart failure. Certainly, 
this will lead to some revision of the criteria in the near future, as greater 
experience is gained with this therapy. Use of intravenous nesiritide, 
nitroprusside (Nipride, Roche, Basel, Switzerland), or nitroglycerin 
without inotropes does not fulfill the criteria for listing a patient as a 
Status 1 A or IB. 

Patients who do not meet the criteria for Status lA or Status IB are 
assigned Status 2 unless they are considered temporarily unsuitable for 
transplant, in which case they should be listed as UNOS Status 7. No 
justification forms are currently required for these two categories. The 
coordinator must be aware that assigning a patient a UNOS Status 7 
should be temporary only. Patients should not be assigned to the UNOS 
Status 7 category if it is determined that the patient will never receive a 
transplant, and, in fact, these patients should be completely delisted. 
Leaving patients on the list as UNOS Status 7 only adversely affects the 
mortality rate pretransplant. 

The procedure for pediatric patient listing is similar to that for adult 
listing but is outside this chapter’s scope. However, the adult clinical 
coordinator should be aware that, if a pediatric patient is listed prior to 
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his or her 18th birthday and subsequently turns 18, the patient remains 
listed under the pediatric criteria. Often, pediatric programs follow their 
congenital patients well past 1 8 yr. The pediatric team should realize that 
subsequent patient listing needs to occur under adult (and not pediatric) 
criteria, although the patient remains under pediatric team care. 

Interpretation of UNOS Policy 

All transplant coordinators must familiarize themselves with UNOS 
policies and procedures. Often, issues arise in the middle of the night, 
during a transplant, when there is limited time for clarification. Prior 
knowledge is needed on the actual policies and their interpretation. The 
coordinator needs to be aware of the following: 

• Listing criteria must be fully understood. The listing criteria for adults 
and pediatric patients are different. A patient is considered pediatric up 
to age 18 yr (UNOS policy 3.7.3, Adult Patient Status). 

• The transplant coordinator must be aware of the minimum cardiac 
donor information that is required by UNOS for the OPO to make an 
offer (UNOS policy 3.7. 12, Minimum Information for Thoracic Organ 
Offers). 

• The transplant center has only 1 h after receiving the information in 
which to accept or decline an offer. An offer can be removed by the OPO 
and the organ is then offered to another center (UNOS policy 3.4.1, 
Time Limit for Acceptance). 

• Acceptance of an offer without condition is binding and cannot be 
relinquished unless there is mutual agreement. Occasionally, at the 
request of the OPO and another transplant center, a center is asked 
to relinquish an organ on compassionate grounds. Should this situation 
occur, the accepting surgeon must agree to the organ being offered 
elsewhere (UNOS policy 3.3.6, Center Acceptance of Organ Offers). 

• Operating room (OR) times are mutually arranged; however, if a center 
cannot agree to a time, the offer can be removed and the organ is placed 
elsewhere. This requires a highly mobile team if time constraints are to 
be met (UNOS Policy 3.4.2, Multiple Organ Retrieval). 

• Cardiac catheterizations, creatine phosphokinase (CPK) levels, tropo- 
nin levels, and echocardiograms are desirable, but not required, to make 
an offer. Additionally, the coordinator should understand the transplant 
center’s policy on paying for additional testing and ensure that addi- 
tional testing is required before tests are requested (UNOS Policy 
3.7.12.2, Desirable Information for Heart Offers). 

• Refusal codes are applied to each declinature and need to be veri- 
fied once submitted by the OPO. These are public data and should 
always be verified to ensure that the correct code is used. Coordi- 
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nators need to know the refusal codes and be clear on reasons for 
turning down an organ. {See Appendix at the end of this chapter.) 

• Once an organ is accepted at one center, an additional offer is made to 
the transplant center with the next patient on the list. This ensures that 
the organ can be transplanted if, for any reason, the accepting center 
cannot transplant the organ. The same rules of acceptance apply both to 
the primary and the backup offer. However, if additional information is 
forthcoming when the organ is re-offered to the backup center, the 
backup center can decline the organ. In reality, backup offers for hearts 
rarely come to fruition unless the backup offer is made when the patient 
for the primary offer requires a cross-match (UNOS Policy 3.7. 1.1, 
Exception for Sensitized Patients). Organs declined in the OR are usu- 
ally declined for organ-related issues rendering the organ untrans- 
plantable, rather than for recipient-related issues (UNOS Policy 3.3.5, 
Transplant Recipient Backup for Organ Offers). 

• A high panel reactive antibody (PRA) level necessitating a prospective 
cross-match is not a justification for making a patient a UNOS Status 
lA (UNOS Policy 3.7. 1.1, Exception for Sensitized Patients). 

• An OPO can bypass a center if a cross-match is required and if, because 
of distance, it is not possible to cross-match the patient prospectively, 
or if time constraints on the donor side prevent the transplant center 
from performing a cross-match. 

• Domino hearts must be re-allocated according to UNOS policy and 
cannot be used for another patient on the list in the transplanting center 
(UNOS Policy 3.7.16, Allocation of Domino Donor Hearts). 

• Guidelines for wait-time accumulation and application in each status 
must be understood. When a patient enters a higher status, his or her 
time begins again in that status. The previous time accumulated in the 
lower status does not move with the patient. However, if a patient had 
previous time in the higher status, that is added to the new accumulated 
time, pushing a patient higher on the list. When a patient is downgraded, 
the accumulated wait-time in the higher status goes with the patient 
(UNOS Policy 3.7.9. 1, Waiting Time Accrual for Heart Candidates). 

• O blood-type hearts will be offered to O and B blood-type recipients 
first. If no O or B blood-type recipients are available in that status, the 
heart is offered to the A blood-type recipient in the same status group 
before the organ is offered to the patients in the lower status (UNOS 
Policy 3.7.8, ABO Typing for Heart Allocation). 

• A pediatric heart (less than 1 8 yr) is first offered to all pediatric patients 
in the accepted weight range. Only if no pediatric recipients are found 
in that status is the heart offered to the adults in that status and then 
offered to a pediatric patient in the lower status (UNOS Policy 3.7.4, 
Pediatric Patient Status, and UNOS Policy 3.7.5, Allocation of Adoles- 
cent Donor Hearts to Pediatric Heart Candidates). 
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• Occasionally, a recipient’ s condition deteriorates rapidly and the trans- 
plant center calls the OPO for any available organ. If an organ becomes 
available and the recipient is not the highest candidate on the list, the 
transplant center needs to contact each transplant center in the sharing 
region to request that each center relinquish the organ to the requesting 
center on compassionate grounds. This should be confirmed in writing, 
signed by all program directors, and submitted to UNOS, preferably 
prior to the allocation of the organ. If this occurs in the middle of the 
night, a verbal agreement may be obtained and followed by written 
confirmation the next day. 

• Transplant coordinators must list potential recipients appropriately. 
Exaggerating weight ranges and the distance the transplant center is 
willing to travel is pointless if the organ cannot be transplanted. 

• When a patient transfers to another center, the new listing center requests 
the wait time from the previous transplant center via UNOS. UNOS 
notifies the previous center that the patient is delisted when the transfer 
of time is completed (UNOS Policy 3.2.2. 1 , Waiting Time Transferal). 

• Clerical and program errors affecting wait time are adjusted after the 
coordinator’s completion of a wait time modification form and submis- 
sion of the form to UNOS for consideration (UNOS Policy 3. 2. 1.8.1, 
Waiting Time Modification for Urgent Status Patients). 

• Patients may be listed at multiple centers, provided that the centers are 
not in the same OPO region (UNOS Policy 3.2.2, Multiple Listings 
Permitted). 

• UNOS policy allows for Local and Alternative Local Unit establish- 
ment for organ allocation, provided it is established that an inequity in 
organ allocation exists in a given region. This also accommodates 
individual state laws that may require statewide organ sharing first. 
Attention must be paid to any variances that exist in a given region 
(UNOS Policy 3.1.7, Local and Alternative Local Unit). 

• Foreign nationals can be transplanted. However, only 5% of total 
transplant recipients can be foreign nationals. The transplant center is 
subject to an audit if more than 5% of its recipients are foreign nationals 
(UNOS Policy 6.3, Audit). 

• The OPO is responsible for providing a donor evaluation written record, 
a donor maintenance record, consent documentation, death pronounce- 
ment documentation, and donor quality documentation (UNOS Policy 
2.1, Host OPO). 

• The OPO is responsible for ensuring that teams have appropriate trans- 
portation to and from the local airport (UNOS Policy 2.6.8, Organ 
Procurement Quality). 

• Transplanted or deceased patients should be delisted within 24 h (UNOS 
policy 3.7. 14, Removal of Thoracic Organ Transplant Candidates from 
Thoracic Organ Waiting Lists when Transplanted or Deceased). 
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• The transplant surgeon has the final decision of transplanting the organ 
in his or her patient. 

LVAD and UNOS Policy 

The original listing criteria for the LVAD patient (granting the patient 
30 d at Status 1 A from the date the device was inserted) evolved from the 
rationale that LV AD patients experience a short time period before com- 
plications arise from the device ( 4 ). These complications include coagu- 
lation problems, infections, and multisystem organ failure. Patients who 
develop these complications can have their lA status extended (UNOS 
Policy 3.7.3 Adult Patient Status). The system’s intention was to 
transplant these patients before complications arose and before the 
nonsensitized patient became sensitized, producing autoantibodies 
resulting in high PR A reactivity. 

In 2002,this thinking changed. In practice, these patients often require 
a recovery period from LVAD insertion before they can be transplanted, 
in order to regain hemodynamic recovery and improve end-organ perfu- 
sion, problems that are a consequence of congestive heart failure (2). 
Also, granting immediate lA status did not give the patient adequate 
time to regain ventricular recovery from acute events such as myocardial 
infarction ( 5 ). This window of opportunity for transplant was too short 
before the patient was downgraded to Status IB. 

The change to UNOS Policy 3.7.3, Status lA(a) allows the patient to 
be listed as a Status 1 B and upgraded to Status 1 A when the medical team 
determines that the patient is physically and mentally prepared for trans- 
plant and that all other treatment options have been explored. It has not 
been determined if this change will significantly impact the wait time to 
transplant for this patient category, although survival is expected to 
improve. 



UNOS Reporting Requirements 

Generally, the day-to-day reporting required by the OPTN is the trans- 
plant coordinator’s responsibility. Reporting is required at listing time, 
transplant, and at annual intervals. In addition, justification forms are 
required for patients in the Status lA and Status IB categories, as well 
as verification of the declinature codes used when an organ is declined 
(UNOS Policy 7.0, Data Submission Requirements). The data collected 
from these disclosures comprise the largest transplantation database in 
the United States. The current reporting requirements are under review 
and will be broadened to capture more data on the wait list as well as to 
obtain more accurate and reliable survival and morbidity data after trans- 
plant. The intention is to accurately follow those patients waiting for 
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transplant and ensure that allocation policies meet the needs of those 
waiting for transplant. These data are also publicly available and needs 
to be accurate if they are to truly reflect outcomes at specific centers. 

THE ROLE OF THE 

CARDIAC TRANSPLANT COORDINATOR 

As the transplantation field has evolved, so, too, has the coordinator 
role. It has evolved into a multifaceted, highly complex, nursing role. 
Most transplant coordinators practice in pretransplant care, post- 
transplant care, mechanical assist device management, research, or a 
combination of all four, depending on the transplant center’s size. The 
role is highly autonomous, requiring experienced nurses with excellent 
clinical skills who are able to educate and manage complex patients and 
develop acute management skills to execute transplant coordination. 

This highly specialized, distinctive role has led to the development of 
a professional body of transplant professionals who now have a certifi- 
cation process through the American Board of Transplant Coordinators, 
established in 1988. Practice standards have been determined by the 
North American Transplant Coordinators Organization, and, currently, 
there is lobbying for recognition of the coordinator’s role within the 
UNOS bylaws. Transplant coordinator certification has become 
commonplace in transplant centers, as they strive to become centers of 
excellence and acquire more managed care contracts; the Certified 
Clinical Transplant Coordinator examination has become the minimum 
standard for all practicing transplant coordinators. 

The primary goal of coordinating a transplant is to minimize the 
organ’ s cold ischemic time through precise transplant team coordination. 
During a transplant, the coordinator is the team leader. This is the only 
person who has all relevant information and can guide the process. To 
achieve excellence in this area, the coordinator must communicate 
effectively with all transplant team members. Also, the coordinator needs 
to have an in-depth working knowledge of UNOS policies, as described 
earlier, and understand donor management’s impact on cardiac donation. 

Donor Management for the Cardiac Transplant Coordinator 

Few clinical transplant coordinators have had the privilege of work- 
ing with donor families or have an in-depth understanding of donor 
management and donor evaluation. Often, applying donor management 
and evaluation to clinical coordination is also missing in most clinical 
coordinators’ education or orientation programs. The impact of the cause 
of death, sequelae of brain death, donor management, underlying disease 
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processes, and their subsequent impact on potential organ donor cardiac 
evaluation from the clinical perspective are important to understand ( 6 ). 

The OPO is called to the potential donor’s hospital at some point 
during the declaration process, depending on each institution’s policies, 
in accordance with the required referral laws in each state ( 7 ). The OPO 
performs a full donor evaluation and assesses the donor’s suitability for 
donation (UNOS Policy 2.1, Host OPO). The injury mechanism is an 
acute anoxic injury to the brain by direct impact, trauma, or intracranial 
hemorrhage. The medical care rendered at this time attempts to preserve 
all cerebral function with hyperventilation, diuresis, steroid therapy, 
induced barbiturate coma, the maintenance of a negative fluid balance, 
and the control of hypertension secondary to cerebral damage. 

However, once herniation and brain death occur, profound hypoten- 
sion follows because of severe vasodilatation, hypothermia, electrolyte 
imbalance, and volume depletion resulting from diabetes insipidus ( 8 ). 
The clinical coordinator should take an in-depth report to assess the 
consequences of these findings on cardiac function (UNOS Policy 3.7.12, 
Minimum Information for Thoracic Organ Offers). 

Donor Management in the Field 

The initial donor management that occurs in the field is intended to 
stabilize the donor hemodynamics, to correct any electrolyte imbalance, 
and to maintain circulatory and ventilatory support. The procurement 
team achieves this by replacing any fluid deficit that occurred prior to 
brain death confirmation, correcting any underlying acidosis, correcting 
any electrolyte imbalance (especially in the presence of diabetes insipi- 
dus), and commencing appropriate inotropic support of the circulatory 
system. 

Once consent for organ donation is obtained, UNOS is contacted and 
the list is run that matches the donor to the recipients in the local 
geographic area. If no heart recipients are found in the local area, the list 
will extend to the Zone A catchment area, which is a 500-mile geographic 
radius around the donor hospital. Again, if no recipient is found, the list 
is extended to Zone B and Zone C, which are in a 1000- and 1500-mile 
radius, respectively (UNOS Policy 3.7.10, Sequence of Heart 
Allocation). 

The recipient center is contacted and an in-depth report is given 
regarding the donor. The minimum information that the clinical coordi- 
nator can expect to receive falls into two categories; 

1. Essential information (UNOS Policy 3.7.12.1, Essential Information): 

• Cause of death 

• Details of any documented cardiac arrest or hypotensive episodes 
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• Vital signs, including blood pressure, heart rate, and temperature 

• Cardiopulmonary, social, and drug activity histories 

• Serologies for human immunodeficiency virus (HIV), hepatitis B 
and C, and cytomegalovirus (CMV). 

• Accurate height, weight, age, and sex 

• ABO type 

• Interpreted electrocardiogram (EKG) and chest radiograph 

• History of hospital treatment, including vasopressor and hydration 
treatments 

• Arterial blood gas and ventilator settings 

• Echocardiogram, if donor hospital has facilities 

The thoracic organ procurement team must have the opportunity to 
speak directly with intensive care unit (ICU) personnel or the on-site 
coordinator to obtain current first-hand information about the donor 
physiology (UNOS Policy 3.7.12.1). This is an important point to 
remember, as the OPOs further develop the in-house coordinator role to 
place organs, and more current detailed information may be required 
from the on-site personnel. 

2. Desirable information for heart offers (UNOS Policy 3.7.12.2, Desir- 
able Information for Heart Offers): 

• Coronary angiography for male donors greater than age 40 yr and 
females greater than age 45 yr 

• Central venous pressure or Swan-Ganz instrumentation 

• Cardiology consult 

• Cardiac enzymes, including CPK isoenzymes 

It is important to note that UNOS policy does not require obtaining 
CPK results or troponin levels. Additionally, coronary angiography is 
not essential to place a heart but may be requested by the accepting center 
when the clinical picture calls for it. Many OPOs have standing protocols 
in place for when a coronary angiography is performed. When request- 
ing a coronary angiography, the transplant center should always have a 
specific patient identified for the heart. 

Once the information is received, the clinical coordinator needs to 
assess this information’s impact on the potential heart donation. Using 
set acceptance criteria for cardiac transplantation has, in recent years, 
become obsolete, as transplant centers try to expand the donor pool by 
considering high-risk donors. Many centers have policies permitting 
them to consider all donor offers on a case-by-case basis. The only 
possible rule-out criteria at this time are HIVl, HIV2, human T-cell 
lymphotrophic virus (HTLV)l, HTLV2, active sepsis, active extracranial 
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malignancy, active hepatitis B, active hepatitis C, and diagnosed cardiac 
disease resulting in the heart being unsuitable for donation. 

However, some centers challenge even these criteria as organ shortage 
becomes more acute. As heart transplant centers become more aggres- 
sive, it may not be uncommon to accept hearts with minimal coronary 
artery disease (CAD) or older donors up to age 65 yr. Less emphasis is 
placed on social history and more emphasis is placed on the clinical 
physiologic findings of the donor team at the offer time. All offers must 
be considered in the context of the recipient for whom the heart is con- 
sidered. For this reason, many centers steer away from any set criteria for 
donor heart acceptance; acceptance is dependent on the recipient and not 
the donor. 

The clinical coordinator needs to assess the following areas in detail 
when obtaining a donor report. 

Cause of Death 

Often, donors with gunshot wounds to the head are the most unstable 
donors, necessitating quick donor team deployment. Donors who have 
been ej ected from a vehicle may present cardiac contusion and pericardial 
effusion on echocardiogram; depending on donor age and contusion 
severity, this may be reversible. Donors with intracerebral bleeds 
following a cerebral vascular accident may have plaque in the cerebral 
arteries and, also, may have plaque in the coronary arteries. This may 
lead the team to consider asking for a coronary angiogram in these donors . 

Cardiac Arrest or Hypotension 

Often, downtime lasts fpr extended periods, especially in donors 
whose death was unwitnessed. The downtime episode needs to be 
assessed in terms of its impact on current cardiac function. If the down- 
time occurred 2 d earlier, the myocardium may have had sufficient 
recovery time. This is considered along with donor age (i.e., the younger 
the donor, the more resilient the heart). Additionally, the coordinator 
will need to know if cardiopulmonary resuscitation (CPR) was performed 
and for how long. If CPR was performed, a pericardial effusion may be 
evident on the echocardiogram. Cardiac arrest and downtime alone are 
not contraindications to transplant. 

Vital Signs, Blood Pressure, Heart Rate, and Temperature 

Organ donors do not have autonomic nervous system autoregulatory 
control and are extremely fluid- and pressor-sensitive. A donor with a 
negative fluid balance is tachycardic and pressors are higher, as inotropes 
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require euvolumia to be effective. Additionally, during the brain death 
process, the massive surge of catecholamines released as the body 
attempts to maintain circulatory support often results in tachycardias as 
high as 120-160 beats per minute. These arrhythmias should resolve 
when the donor stabilizes. Therefore, it is important to understand when 
brain death occurred. 

The donor may be hypertensive during the acute management of the 
injury and then become severely hypotensive after brain death, requiring 
inotropic support. Donors are often labeled as hypertensive because of 
high blood pressure recorded at admission to the hospital. However, this 
hypertension may be secondary to the acute event and not a chronic 
condition. 

Also, the donor may be hyperthermic during the acute injury phase 
and rapidly become hypothermic after brain death. Attention should be 
paid to a donor who remains febrile after brain death with an elevated 
white blood cell (WBC) count and bandemia, bearing in mind that ste- 
roid therapy can also elevate a WBC count. Any evidence of infection 
should be investigated. 

Cardiopulmonary, Social, and Drug Activity Histories 

A documented cardiac history may exclude the donor from eligibility. 
However, less emphasis is placed on social history. Homosexuality was 
considered an exclusion criterion a few years ago but is not currently. 

Drug abuse histories must be extensive and taken under consideration 
when assessing the donor, but alone they do not contraindicate donation. 
However, donors with drug abusive histories of may be more arrhythmo- 
genic, and detailed cardiac rhythm histories should be taken. Addition- 
ally, donors with a histories of alcohol abuse should not be excluded 
unless alcoholic cardiomyopathy resulted from the abuse. 

The social and medical history is important from the standpoint of 
identifying cardiac risk factors in donors. Smoking, diabetes, hyperten- 
sion, and hypercholesterolemia are risk factors for heart disease, and the 
team may decide that the donor’s clinical picture warrants a cardiac 
angiogram, especially in male donors greater than age 40 yr and female 
donors greater than age 45 yr (9j. Medical contraindications based on 
pre-existing disease have changed tremendously, and many centers do 
not abide by specific rules, as the donor pool is constantly expanded. 
Donors with mild CAD may well be considered for selected higher-risk 
patients ( 10 ). Results from UCLA show that donor hearts with CAD are 
acceptable for transplantation in select recipient groups, even hearts 
that required revascularization prior to transplant with acceptable out- 
comes ( 11 ). 
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Serologies 

Active hepatitis B and C remain contraindications to transplant. 
However, evidence of old infections should not exclude the donor. 
Although the use of hepatitis C donor hearts remains limited, some 
centers are beginning to use these donors, considering them on a case- 
by-case basis in conjunction with the recipient’ s clinical picture. HIV 
and HTLV remain exclusions to donation. Toxoplasmosis is often not 
tested, and the procurement team should return a vial of donor blood so 
that this test can be done at the transplant center. Also, the clinical 
coordinator needs to be aware that excessive fluid resuscitation in the 
donor can lead to dilution and give false negative serology reports. Thus, 
the coordinator should request pretransfusion serology results. 

Accurate Height, Weight, Age, and Sex 

Recipients’ body weights are listed with a 30% lower limit and a 50% 
upper limit for the donor match. However, special consideration should 
be given to donor size for recipients who have high pulmonary vascular 
resistance, as they may need donors to be larger rather than smaller. The 
recipient needs to be listed appropriately. Height is a key component for 
matching the recipient to the donor, and it needs to be accurate. Advanced 
age alone is not a contraindication, and, often, donors are considered up 
to age 65 yr, given that the available heart donor pool has remained static 
during recent years. 

ABO Type 

The OPO should confirm blood typing, and the coordinator should be 
aware that, in some circumstances, recipients may be listed across all 
blood groups. Occasionally, this occurs for pediatric recipients, incur- 
ring a high hyperacute rejection risk for these patients. These patients 
may require plasmapheresis pretransplant and/or subsequent exchange 
transfusions if the transplant is to be a success. 

Interpreted EKG and Chest Radiograph 

EKG interpretation is essential to identify any acute myocardial injury 
as well as to identify old injuries. However, it should not replace the 
echocardiogram and full cardiac history. Often, left ventricular 
hypertrophy (LVH) is diagnosed by EKG when it is not significant or 
evident on the echocardiogram. The EKG should correlate with the 
echocardiogram and the donor history and not be considered in isolation. 
Additionally, brain death causes S-T segment abnormalities that may be 
misinterpreted and are often temporary ( 6 ). The donor EKG will most 
often be reported as abnormal and can be misdiagnosed as myocardial 
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infarct or ischemia ( 12 ). Also, cardiac arrhythmias may be present in 
donors with subarachnoid hemorrhage ( 12 ). 

The chest X-ray remains important to determine heart size and to 
detect any signs of infection. Blood, urine, and sputum cultures are taken 
at donation time, and the results should be available to the transplant 
center to ensure that the recipient receives appropriate antibiotic therapy . 
Evidence of a pulmonary infection on the chest X-ray alone is not a 
contraindication to heart donation. Additionally, the coordinator should 
be aware that organ donors may have evidence of neurogenic pulmonary 
edema secondary to brain death, and a report of pulmonary edema is not 
uncommon; this is not pulmonary edema associated with cardiac dys- 
function. 

History of Treatment in Hospital Including Vasopressor 
AND Hydration History 

The donor’s medical history should be consistent with the donor’s 
clinical picture. Often, donors receive large volumes of fluid and 
inotropes during the resuscitation phase after brain death, especially if 
diabetes insipidus is present. This can lead to electrolyte imbalances. To 
manage diabetes insipidus, the donor may receive intravenous vaso- 
pressin (Pitressin) (Monarch Pharmaceuticals, Bristol, TN) or subcu- 
taneous desmopressin (DDAVP) (Aventis Pharmaceuticals, Inc., 
Bridgewater, NJ). In donor management, dopamine is the pressor of 
choice. However, if the donor cannot be managed on dopamine, addi- 
tional pressors may be added. 

The transplant center needs to assess whether the pressor support is 
acceptable for heart donation ( 7 ). Many centers shy away from donors 
receiving high-dose pressors. Dobutamine has not been a favored 
inotrope for the cardiac donor, as it potentially masks poor myocardial 
function because of its positive inotropic effect. However, this view is 
changing, as studies show that low-dose dobutamine improves cardiac 
function if the dysfunction is reversible and associated with the neuro- 
hormonal effects of brain death ( 13 ). The importance of pressors needs 
to be assessed in the context of the echocardiogram and the donor’ s fluid 
status. Optimal donor management should allow for a reduction in pres- 
sor agent use. Often, thyroid hormone replacement protocols are imple- 
mented to reduce pressor agent need and maintain hemodynamics ( 7 ). 

Arterial Blood Gas and Ventilator Settings 

Always obtain a recent arterial blood gas. Adequate oxygenation, in 
part, indicates good perfusion of all organs. Acidosis has an adverse 
impact on cardiac function and the team’ s ability to maintain the donor’ s 
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hemodynamic stability. Additionally, acidosis compromises the effec- 
tiveness of inotropic or pressor support. Donors may be on high-dose 
pressors in the presence of acidosis ( 6 ). 

Echocardiogram 

Echocardiogram is considered the gold standard for assessing cardiac 
function. Increasingly, it should be used as a tool to guide donor manage- 
ment, but, often, it is used only to acquire sufficient information to place 
the heart. The echocardiogram must absolutely be considered because of 
the donor management issues described earlier. Acidosis can produce 
hypokinesis in the donor heart, and, therefore, an arterial blood gas 
should be obtained when the echocardiogram is performed. The fluid 
balance needs to be considered, as a volume-depleted donor has inad- 
equate filling pressures and myocardial depression is exacerbated ( 14 ). 
A fluid-overloaded donor may exhibit right ventricular dilatation if car- 
diac output is not maximized. Additionally, the echocardiogram needs 
to be considered in the context of donor pressor/inotropic support ( 6 ). 

Any LVH reports should be correlated with myocardium measure- 
ments to aid the team’ s decision to accept or refuse the heart. LVH alone 
may not be a contraindication to transplant; however, the preservation 
technique and the anticipated cold ischemic time require consideration, 
depending on donor location. Suboptimal echocardiograms may need to 
be repeated if donor management is not optimized. Some centers now 
recognize that obtaining repeat echocardiograms may be difficult for the 
on-site coordinator and perform their own echocardiogram to further 
assess the donor. Valvular structures should always be assessed by 
echocardiogram. In the absence of an echocardiogram, Swan-Ganz 
measurements are useful in assessing cardiac function, and in Great 
Britain this is the favored cardiac assessment tool ( 15 ). 

Additionally, when a cardiac angiogram cannot be performed, the 
team may rely on visual inspection of the heart. Again, an experienced 
surgeon needs to determine if CAD is palpable. These issues need to be 
considered with the potential recipient in mind. Often, a more aggressive 
approach is taken when considering hearts for Status lA patients, as 
there are strong data to support using hearts with suboptimal echo- 
cardiograms; LV function often recovers over time and these patients 
have a limited window of opportunity for transplant ( 16 ). 

Cardiac Enzymes 

Often, enzymes are elevated in brain death and trauma and, to be 
considered significant, need to be correlated with the clinical history, the 
echocardiogram, and the EKG. Studies document elevated cardiac 
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enzymes in the acute setting of a subdural hemorrhage. Troponin levels 
are more cardiac-specific but, again, need to correlate with the clinical 
picture and also can be elevated (]7). Abnormal cardiac enzymes and 
troponin levels in the presence of normal echocardiographic findings 
should not preclude a heart from transplant consideration. Additionally, 
it is documented that troponin levels are elevated in myocardial dysfunc- 
tion (18). If these are abnormal in the presence of an abnormal 
echocardiogram, then the impact of the neurohormonal changes, donor 
management, and the use of low-dose dobutamine echocardiography 
needs to be assessed (17). Additionally, special consideration needs to 
be given to donor hearts with marginal echocardiograms in the presence 
of elevated troponin levels. Often, these donor hearts are discarded; 
however, myocardial dysfunction is reversible if the dysfunction results 
from brain death’ s neurohormonal effects. Thus, the entire picture needs 
to be considered along with the recipient’s clinical situation. No single 
issue should exclude a potential donor. 

The Coordination Process 

The keys to effective transplant coordination are good communica- 
tion skills, acute problem solving abilities, quick thinking, an effective 
team effort, and, above all else, cold ischemic time minimization. The 
clinical coordinator is the key person in orchestrating a transplant and 
directing the transplantation process. Large volume centers that perform 
transplants every day still have issues and problems that need to be 
resolved with each transplant, as will the smaller centers. An effective 
team is one that maintains high communication levels and whose team 
members are highly skilled at performing their roles. 

Communication with all transplant team members is a key coordina- 
tion factor. Confusion and misunderstanding occurs when team mem- 
bers are not clearly directed or if they do not understand fully their roles 
in the process. It is the coordinator’s responsibility to ensure that all the 
team members are aware of the plan for each transplant, and to commu- 
nicate this plan effectively to all key members. 

Transplant setup would be relatively simple if each transplant went 
according to plan. Generally, this is not the case. Problems that arise can 
be both internal and external. The terrorist attacks of September 1 1 , 200 1 
presented some unique problems at our institution, when a donor team 
landed just 10 min before the George Washington Bridge closed in New 
Y ork City. The donor team crossed the bridge before it closed, but, as the 
phone lines were down and cellular phones were without service, the 
donor team could not confirm that they landed. There was no means of 
communication with the team during that time. 
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On another occasion, the George Washington Bridge was closed 
because of a terrorist alert, and the donor team decided to return across 
the bridge with the heart. The team was then driven in by the New York 
Police Department (NYPD) on the other side of the bridge. In the sum- 
mer of 1999, a power outage forced the hospital to consider moving the 
transplant team and patient to a sister hospital to perform the transplant. 
Emergency generators were on but were insufficient to safely perform 
a transplant. This transplant was aborted when, logistically, it was unsafe 
for the recipient to undergo the transplant. 

Transportation can always produce interesting problems. Twice, a 
helicopter has made emergency landings because of bad weather, and 
the NYPD drove the team back to New Y ork City. These issues affect the 
delicate art of coordination. 

Other coordination issues affect the donor side of the equation. Often, 
donation is delayed when a trauma is present at the donor hospital. 
Families request that donation occur within specific times, creating time 
constraints. Additionally, other transplant teams need to prepare their 
recipients, and the actual procurement may take longer than expected. It 
is important for the clinical coordinator to know when additional organs 
are procured, as this affects transplant timing. Multiple transplants 
occurring simultaneously at the transplant center can cause confusion 
and requires that the transplanting center be able to mobilize multiple 
teams at any time. 

The art of coordination lies in dealing with these issues as they arise 
and minimizing cold ischemic time. The goal is to explant the heart just 
as the donor heart is brought to the recipient’s OR. To achieve this goal, 
the team needs to be in place and ready to operate at the surgeon’s 
designated time, considering all factors involved with each donation. 
This time is determined by the donor OR time, the travel time to the donor 
hospital, the estimated visualization and cross-clamp time at the donor 
hospital, and the recipient’s clinical condition, as well as the recipient’s 
location. Designation of this time is achieved by considering the following: 

• Establish the operating time for the donor. Arrangements are made to 
ensure that the team arrives at the designated time. If a delay is foreseen, 
the abdominal team should begin dissection pending the heart team’s 
arrival. This may occur for donors in other states where the team needs 
to travel by air. 

• Establish with the surgeon the time required to open the chest and 
explant the recipient’s heart. This varies depending on the surgeon and 
the recipient’ s previous surgeries. A recipient who is not a re-op requires 
less time than a patient with a LVAD in situ. This time varies from 
45 min to 2 h. 
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• Depending on the number of procured organs, establish a tentative 
visualization time with the donor team. 

• Establish a potential cross-clamp time with the donor team. The donor 
team must never cross-clamp without final confirmation from the 
coordinator, whose role is now to ensure that the patient is on time for 
the OR at the transplant center. 

• Estimate the expected return arrival time at the transplant center, 
including air and ground time. 

• The recipient operation begins at the time the organ is expected back at 
the center minus the time the surgeon needs to open the chest. 

• Anesthesia time varies depending on the patient’ s clinical condition. A 
patient who is already in the ICU with a Swan-Ganz and intubated 
needs less preparation time than a Status 2 patient coming from home. 

• If the donor becomes unstable at any time during the process, the donor 
team must proceed directly to cross-clamp to procure as many organs 
as possible, even if the heart cannot be procured. 

• The donor team returns a copy of the donor chart and two 10 mL red- 
topped tubes of donor blood, five lymph nodes, a spleen wedge, and 
40 mL of blood for HLA tissue-typing and prospective cross matching. 
If the spleen cannot be recovered, 8 lymph nodes are provided. In the 
absence of spleen and peripheral blood, 12 lymph nodes are provided. 
If nodes and blood are not available, then 2 x 4 cm spleen wedges are 
made available (UNOS Policy 2.6, Organ Procurement Quality). 

Figure 1 shows the calculation of the OR time for the recipient. The 
algorithm is adjusted for each transplant and for delays that occur during 
the process. The timing is also adjusted if the donor team arrives to an 
open donor chest. The time to visualization is shorter. If the travel time 
is short, it is possible that by using this method the incision time for the 
surgeon can occur prior to visualization. In this instance, the recipient 
goes to the OR at the same time as the donor, and the surgeon waits for 
visualization confirmation and ensures that the donor heart is good before 
opening the chest. Also, consideration needs to be given to timing when 
the donor is in the transplant center. Effectively, the operations happen 
almost simultaneously once the heart is inspected. If the donor is stable 
and young, the surgeon may decide to proceed with anesthesia prior to 
visualization to save time. Conversely, long travel times give the sur- 
geon more time to begin the transplant. As in Fig. 1, the surgeon needs 
to make the first incision when the donor team leaves the donor hospital 
to have the recipient heart explanted by the time the team returns. 

The algorithm is a guide for coordinating the transplant and many 
complications can occur. Invariably, the timing is pushed back on the 
recipient side, as delays occur on the donor side. Delays can also occur 
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Donor OR 



Recipient OR 



OR time midnight 

1 

Visualization 1 :00am 

i 



Cross-clamp 

i 

Leave OR 

i 

Travel 

i 

Arrive in OR 



2:00am 



2:15am 



(1 hour) 



3:15am 



OR holding 12:15am 



Anesthesia 1:15am 



I 



Cut skin at 2.15am 



-► Arrive at center 3:15am 



Estimated minimum cold ischemic time 2 h 15 min. 

Fig. 1. Example of calculations of the recipient OR timing. 



on the recipient side. Occasionally, the heart is more difficult to explant 
than expected, causing a delay. Travel issues for the returning donor 
team may require that the surgeon slow down, as the return is taking 
longer than expected. (This nearly always occurs when coordinating a 
transplant when the New York Yankees are in the World Series!) The 
experienced coordinator is able to anticipate the delays and act accord- 
ingly. Knowing the patient, donor team, donor process, and surgical 
team allows the coordinator to make quick decisions and effectively 
coordinate a transplant. 

Coordinator Education and Development 

The coordinator needs to have an orientation program that provides 
experience in the relevant areas. He or she should: 




58 



Chapter 3 / UNOS Policy and Transplant Coordination 



• Attend all UNOS regional meetings and, if possible, visit the Organ 
Center at UNOS. 

• Participate in donor runs to see the donor process in action. 

• Spend time with the local OPO and work with a procurement coordina- 
tor in the field. 

• Participate in orientation programs provided by the local OPO. 

• Attend educational and professional seminars. 

• Take advantage of preceptorship programs offered (if none is available, 
then spend time at a high-volume center as a part of the orientation 
process). 



CONTINUING ISSUES 

As UNOS policies evolve and transplantation continues to expand the 
donor pool, many issues are under consideration. For example, HIV 
patients demand a right to transplantation. Some are willing to accept 
organs from HIV-positive donors. Will this be incorporated into practice 
in the near future? As donors become older, additional evaluative testing 
will be requested more often. Will this change UNOS policy such that 
desired information becomes essential information? 

Variances, regional sharing agreements, and state laws affect alloca- 
tion. Current practices need constant review if equitable sharing is to be 
achieved. Sharing policies and donor strategies need to be reconsidered 
in the future if all donors are to be maximized and the greatest number 
of organs transplanted. Discussion continues over transplantation of 
Status 2 patients over a neighboring region’s lA patients ( 19 ). Also, it 
remains to be seen how nesiritide use will affect UNOS policy. The 
transplant coordinator needs to be aware of the constantly changing 
environment in which the coordinator practices and remain abreast of 
the changes as they occur. 
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Appendix: 

UNOS Donor Refusal Codes 


Code 


Refusal reason 


Description: Recipient-related reasons 


901 


Recipient ill 


Recipient too sick to attempt transplant at the 
time of offer. 


902 


Recipient unavailable 


Recipient cannot be contacted, is not ready for 
transplant, or has died at the time of offer 


903 


Recipient refused 


Recipient refused transplant at the time of offer 


904 


Multiple-organ 

transplant required 


Recipient requires multiple organ transplants, 
other required organ(s) not available from 
the specified donor at the time of offer 


905 


Recipient 

transplanted/ 

inactive 


Recipient already transplanted or is on the 
inactive list at time of offer 


906 


Positive cross-match 


Cross-match results between donor and 
recipient positive 


907 


HLA mismatch 
unacceptable 


HLA mismatch between donor and recipient 
unacceptable 


908 


Recipient testing 
results unavailable, 
not done, or 
unacceptable 


Recipient requires a cross-match at time of 
offer, high PRA, no current typing, or 
any other recipient testing 


909 


Patient’s condition 
improved, 
transplant 
not needed 


Recipient’s condition has improved and 
transplant is currently unnecessary 


911 


Program too busy 
or surgeon 
unavailable 


Program unable to accept an organ for 
transplant at the time of offer because 
of heavy work load or unavailability 
of transplant surgeon 


912 


Administrative 


Physician judgement, transportation, logistics, 
distance, exceeded 1-h response time, or 
other administrative reason 


Code 


Refusal reason 


Description: Recipient-related reasons 


921 


Donor quality 


Hypertension, prolonged hypotension, high 
vasopressor/medication dosage, cardiac 
arrest, evidence of infection/positive 
cultures, non-heart not beating, etiology of 
death, donor unstable, donor diabetes, other 
medical history 


922 


Donor age 


Donor too old or too young 


923 


Donor size/weight 


Donor too large or small, weight incompatible 
with recipient 


924 


Donor ABO 


Donor ABO group incompatible/unacceptable 


925 


Donor social history 


History of high-risk sexual behavior, alcohol 



or intravenous drug use 
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926 

927 

928 


Positive serological 
tests 

Organ preservation 

Organ anatomical 
damage or defect 


CMV, HBV, HCV, HIV, HTLV, VDRL, etc. 

donor testing is positive 
Method/Quality of preservation, length of cold 
ischemic time, length of warm ischemic 
time, possible organ contamination, 
inadequate typing material, labeling/packaging 
problems 

Surgical damage, nonsurgical trauma, 

diseased organ, organ vasculature, en bloc 
kidney’s or any other anatomical reason 


Code 


Refusal reason 


Description: Organ- specific donor issues: heart 


950 


Cardiac function test 
results unavailable, 
not done, or 
unacceptable 


Test results relating to cardiac function are not 
available, or tests relating to cardiac 
function were not performed 


951 


Abnormal 

echocardiogram 


Echocardiogram shows wall motion 
abnormalities or valvular lesions 


952 


Abnormal coronary 
angiography 


Presence of CAD 


953 


Abnormal EKG 
results 


Q- waves, ST-T abnormalities or conduction 
disease 


954 


Abnormal 

hemodynamics 


Elevated filling pressures or reduced cardiac 
output 


Code 


Refusal reason 


Description: Other 


991 


Medical urgency 


Recipient(s) bypassed because of medical 
urgency or OPO time constraints 


992 


Multiorgan 

placement 


Previous recipients bypassed for priority 
multiorgan transplant 


993 


Directed donation 


Use for recipients who receive an organ from 
a directed donation 


994 


Military donor 


Use for recipients who receive an organ from 
a military donor 


995 


ALU Sharing 
Agreement, 
variance 


Self-explanatory 


996 


Extrarenal placed 
with kidney 


Self-explanatory 


998 


Other, specify 


Use only if the refusal reason does not fit the 
above categories. Be sure to write in the 
other reason; UNOS staff will review the 
OTHER reason and may recode if necessary 



Abbreviations: HLA, human leukocyte antigen; PRA, panel reactive antibody; HBV, 
hepatitis B virus; HBC, hepatitis C virus; HIV, human immunodeficiency virus; HTLV, 
human T-cell lymphotrophic virus; VDRL, veneral disease research laboratory test; 
CAD, coronary artery disease; EKG, electrocardiogram; OPO, Organ Procurement 
Organization; ALU, alternative local unit; UNOS, United Network for Organ Sharing. 
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INTRODUCTION 

Shumway and Lower introduced orthotopic heart transplant in I960, 
and the technique they described has had few changes since its inception 
( 1 ). This chapter reviews the surgical techniques and their modifications 
and also reviews our approach to the transplant recipient at surgery time. 
It is worth noting that the majority of our transplant recipients have had 
previous cardiac surgical procedures; therefore, heart transplantation is 
as much about the techniques of reoperations as it is about the tech- 
niques of transplantation itself. Despite this added layer of complexity, 
I-, 3-, 5-, and lO-yr survivals of 84, 79, 72, and 53%, respectively, are 
attainable ( 2 ). 

PREPARING THE RECIPIENT FOR TRANSPLANTATION 

A detailed history and physical examination, with frequent updates, 
are necessary because transplants often occur at night with little time for 

From: Contemporary Cardiology: Cardiac Transplantation: 

The Columbia University Medical Center/New York-Presbyterian Hospital Manual 
Edited by: N. M. Edwards, J. M. Chen, and P. A. Mazzeo © Humana Press Inc., Totowa, NJ 
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a complete system review. This should not preclude a careful update at 
transplant admission time to determine any new problems. Our practice 
is to retain copies of their transplant evaluation forms, clinical updates, 
and any pertinent prior operative notes in their cardiac surgical intensive 
care unit, where they may easily be obtained at night. Additionally, 
routine blood tests (including a complete blood count with a differential 
and platelet count, electrolytes, liver function tests, coagulation tests, 
and a type and cross) are sent to the laboratory. A chest X-ray is also 
performed at admission. 

We admit transplant recipients directly to the operating room (OR), 
where venous and arterial lines can be placed while awaiting confirma- 
tion from the procurement team that the heart is visualized and suitable 
for transplantation. This has allowed us to shorten recipient preparation 
time and allows us to capitalize on heart offers that become available on 
short notice. 



INTRAOPERATIVE TECHNIQUES 

Perioperative medications include immunosuppressive agents (see 
Chapter 8) and a first-generation cephalosporin antibiotic. Following 
donorteam confirmation that the heart is suitable, the recipient is intubated, 
a Foley catheter is inserted, and a Swan-Ganz catheter is floated into the 
pulmonary artery (PA). A median sternotomy is performed. We avoid 
using bone wax for hemostasis, because the marrow bleeding often abates 
with heart decompression, and the bone wax, as a foreign body, is a 
putative infection source. For patients who have undergone a previous 
sternotomy, the femoral vessels can be dissected in the event that emer- 
gency cannulation is required. We do not dissect out the femoral vessels 
routinely, because we have found that groin cannulation sites are fre- 
quent complication sources and that, if necessary, available cannulae 
allow for easier percutaneous cannulation. 

The pericardium is opened with a vertical incision extending from the 
diaphragm to the pericardial reflection at the aorta. The pericardium is 
tacked using 2-0 silk sutures that are tied to the sternal retractor to 
expose the myocardium and great vessels (i-5). 

The recipient is then heparinized and cannulated for bypass. Aprotinin 
is routinely used for all transplants; prior to loading dose administration, 
a 1 cc test dose is administered following aortic cannulation. 

Cannulation 

Aortic cannulation should be high on the lesser curvature, especially 
in previous coronary artery bypass surgery patients, in whom the proxi- 
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mal aorta may be excised. Higher cannulation is facilitated by using 
wire-reinforced flexible arterial cannulae and taking down the pericar- 
dial reflection at the great vessels. The venae cavae are also cannulated 
as distally as possible, and umbilical tape snares are placed around the 
vessels and cannulae. Right-angle metal-tip cannulae are preferable for 
venous cannulation, as they allow for smaller cannulation pursestrings 
and room for sewing the bicaval anastomoses. 

Explantation 

Recipient excision timing is at the discretion of the surgeon, who may 
chose to wait until the donor heart is in the OR or until the donor team 
is 30 min from the hospital. 

The superior vena cava (SVC) and inferior vena cava (IV C) are snared, 
the aortic cross-clamp is applied, and the patient is placed on bypass and 
cooled to 32°C. The aorta and PA are separated, and the aorta is divided 
just above the right coronary artery’s origin. The back wall of the aorta 
is divided, with care to avoid the right PA. 

Then, the PA is divided just distally to the pulmonary valve; care is 
taken to keep the division plane perpendicular with the base of the heart 
to avoid beveling the PA and, thereby, shortening the back wall of the 
vessel. Pericardial silk sutures placed through the adventitia of the aorta 
and PA aid in holding these divided vessels out of the way. 

In preparation for a bicaval anastomosis, the atrioventricular groove 
is opened, and the dissection is extended under the SVC. The right atrium 
is divided proximally to the SVC, leaving an atrium cuff on the proximal 
end of the cava. When dividing the PA and SVC, care must be taken to 
avoid transecting the Swan-Ganz catheter. The right atrium is divided 
just proximally to the IVC, with care to leave a long posterior cuff that 
tends to retract, following transection, toward the diaphragm. 

An incision is made in the left atrial dome below the aorta. The inci- 
sion is extended counterclockwise across the atrial septum, including the 
fossa ovalis, to the coronary sinus base. The remainder of the atrial 
transection is easiest when performed clockwise, from the incision in the 
atrial dome to the coronary sinus, staying below the base of the left atrial 
appendage and just below the coronary sinus. 

If the operation is a standard biatrial implantation, following transec- 
tion of the aorta and PA, an incision is made in the left atrial dome just 
below the aorta. This incision is extended counterclockwise into the 
atrial septum; the right atriotomy is made just below the base of the 
appendage and connected with the septal incision, which is extended to 
the coronary sinus base. The remainder of the left atrial transection is 
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Fig. 1. Explantation of the recipient heart. The dotted lines represent the inci- 
sions in the right atrium and great vessels. From ref. 4 with permission. 



easiest if performed in a counterclockwise direction from the atrial dome 
to the coronary sinus, below the level of the left atrial appendage and the 
coronary sinus (Fig. \) ( 4 ). 

Hemostasis following explantation is extremely important, because 
many sites are no longer visible following implantation. Care is taken to 
electrocauterize the edges of the atria and, in reoperations, the posterior 
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pericardium. Further, the pulmonary veins should be examined for debris 
and thrombus, and old coronary proximal sites on the aorta should be 
oversewn. 

Preparing the Donor Heart for Transplantation 

The donor heart is carefully inspected for abnormalities, in particular 
a patent foramen ovale (PFO), valvular anomalies, and debris. The SVC 
and PA are identified and separated from each other with sharp dissec- 
tion. The pulmonary vein openings are connected, creating one large left 
atrial cuff, and the excess atrium is trimmed. The mitral valve is in- 
spected for abnormalities. Excess aorta and PA are trimmed. Using a 
coronary probe, the fossa ovalis is examined for a PFO. If a PFO is 
discovered, it is closed in two layers from the right atrial side using 4-0 
polypropylene monofilament suture. 

In preparation for a biatrial procedure, the SVC is doubly ligated, and 
the right atrium is opened from the lateral IVC toward the right atrial 
appendage, thereby avoiding the sinus node. This is not performed if a 
bicaval operation is planned, although the donor SVC is trimmed below 
the azygous vein opening. 

Recipient Anastomoses: Bicaval Technique 

The left atrial anastomosis is performed first; the sequence of the 
other anastomoses can be changed to decrease the ischemic time. Donor 
left atrial cuff is sutured to the recipient left atrium using an extra long 
3-0 prolene suture. This begins at the base of the donor left atrial append- 
age, above the orifice of the recipient’ s left superior pulmonary vein, and 
run toward the IV C (Fig. 2) (4). A second suture is placed at the left atrial 
comer and the IVC on the donor heart and through the corresponding 
region on the recipient atrium. After clamping this suture to the drape 
and the applying tension to the anastomosing suture, the exposure to the 
lateral atrial suture line is improved and inadvertent left atrial anastomo- 
sis rotation is avoided. Attention is paid to averting the atrial edges to 
minimize the raw suture line exposed inside the left atrium. 

Once the lateral suture line is complete, the tacking stitch placed 
through the IVC is removed, and the left atrial anastomosis is completed 
by sewing counterclockwise using the anastomosing suture’s opposite 
end. This prevents placing the knot under the PA where repair sutures, 
if needed, are particularly hard to place. Some advocate introducing a 
catheter in the left atrium via the left atrial appendage. To avoid cardiac 
rewarming, cold saline is ran through the catheter into the left atrium. 
The catheter is also used for venting after the aortic cross-clamp is 
removed. The authors’ practice is to place an ice saline-soaked laparo- 
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Fig. 2. The left atrial anastomosis begins at the base of the left atrial appendage 
and is continued inferiorly. From ref. 4 with permission. 



tomy sponge around the heart to retard premature heart rewarming. It is 
also their practice to run continuous carbon dioxide into the pericardial 
well from the time of the sternotomy to displace air and aid the de-airing 
process. 

The Swan-Ganz catheter is manually guided through the SVC, right 
atrium, and right ventricle (RV) using a large-angled clamp. Then, the 
donor IVC and SVC are anastomosed to the recipient IVC-atrial cuff and 
SVC-atrial cuff, respectively. This is performed in an end-to-end man- 
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ner using 4-0 polypropylene suture. To avoid constricting or rotating the 
anastomosis, each of these anastomoses may be performed with two 
separate sutures. Excessive suture length or tension can cause a caval 
constriction (Fig. 1). 

Then, the donor and recipient PAs are trimmed to avoid excess length 
and possible kinking. The PAs are anastomosed end-to-end using run- 
ning 4-0 monofilament suture. Again, attention must be paid to avoid 
constricting or rotating the anastomosis. 

The donor and recipient aortas are anastomosed end-to-end with run- 
ning 4-0 monofilament suture (Fig. 3) ( 4 ). Often, the aorta’s medial 
border, between the aorta and PA, is denuded of adventia and likely to 
bleed; therefore, reinforcing this quadrant by incorporating a pledget of 
autologous or donor tissue at the time of the anastomosis can be benefi- 
cial. Prior to completion of the aortic anastomosis, the aorta’s back wall 
should be examined for cardioplegia needle injury. This is more likely 
if the heart was transported with the cardioplegia needle in the ascending 
aorta. 

Recipient Anastomoses: Standard, Biatrial Technique 

With the standard, biatrial technique, the left atrial anastomosis is 
initiated as stated earlier, starting at the left atrial appendage base and 
using a second suture at the inferior left atrial septum border to aid in 
lateral suture line exposure. The medial wall of the donor left atrium is 
sewn to the atrial septum, and the left atrial suture line is completed, 
leaving the other end of the suture to finish anastomosing the left atrial 
domes in a counterclockwise direction. The suture can be left untied to 
facilitate air removal from the heart. 

The right atrium is opened from the right side of the I VC orifice to the 
base of the right atrial appendage. The incision is extended from the right 
toward the right atrium’ s base to avoid the sinus node. Prior to right atrial 
anastomosis initiation, the Swan-Ganz catheter is passed through the 
RV into the PA. The suture line for the right atrial anastomosis starts at 
the superior aspect of the atrial septum, and, in essence, the donor right 
atrium is sewn to the septum over the previous suture line. Care should 
be taken not to handle the sinus node during anastomosis. 

The PA and aortic anastomoses are performed as described in the 
previous section. 



Taking Recipient Off Bypass 

Once the anastomoses are complete, the patient is placed in a head- 
down position, and the aortic cross-clamp is removed. All air is carefully 
removed from the heart. The transesophageal echocardiogram is invalu- 
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Fig. 3. The donor heart after implantation completion. From ref. 4 with permission. 



able for confirming ventricular function and air removal. When sinus 
rhythm initiates at 100 beats per minute and the air is evacuated, the 
patient is slowly weaned from cardiopulmonary bypass. Even in the face 
of good cardiac function, the authors place all patients on inotropic 
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support (either dobutamine or milrinone) in anticipation of a nadir in 
cardiac function at 6-8 h following implantation. 

Temporary pacing wires (two on the right atrium and two on the RV) 
are placed. Hemostasis prior to implantation (when the heart is out of the 
chest) aids meticulous posttransplant hemostasis, which is crucial. 
Straight and right-angled chest tubes remain in place to drain the anterior 
and posterior pericardium, respectively. 

HETEROTOPIC HEART TRANSPLANTATION 

During heterotopic transplantation, initially performed by Losman 
and Barnard in 1 974, the recipient heart remains in its native location (6). 
This transplant type may be necessary in situations when there is irre- 
versible high pulmonary vascular resistance or significant donor-recipi- 
ent size mismatch ( 3 ). 

There are numerous differences in donor heart harvesting and han- 
dling for a heterotopic transplant. Greater lengths of SVC, aorta, and PA 
are harvested. The SVC should be harvested to innominate vein level. 
The aortic arch should be harvested along with the proximal aspect of all 
three head vessels. It is especially important to harvest as much PA as 
possible to allow a direct donor-recipient anastomosis and avoid the 
need for a Dacron interposition graft. The tissue separating the left pul- 
monary veins is divided, connecting their orifices and creating a single, 
large left atrial cuff. 

Cannulation is slightly different than orthotopic transplantation. The 
aortic cannula should be placed as distally as possible in the ascending 
aorta. SVC cannulation is achieved through the right atrial appendage. 
Finally, IVC cannulation is performed at the IVC-diaphragmatic junc- 
tion. Venous inflow occlusion is achieved by snaring the SVC and IVC. 
The native heart in the recipient is then cross-clamped. 

The donor heart is placed in the right pleural cavity with the heart’s 
apex angled to the right. The left atrial anastomosis is performed first 
using 3-0 monofilament polypropylene suture, attaching the donor left 
atrium to the incision in the recipient left atrium. The recipient’s SVC is 
opened with a vertical incision, and the anastomosis is performed 
attaching the donor SVC to the recipient SVC. The aortic anastomosis 
is performed using 4-0 monofilament suture in an end-to-side manner. 
Either the right or left PA branch is oversewn, with the other partici- 
pating in the anastomosis with the donor PA. This is performed using 
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running 4-0 monofilament suture. A prosthetic graft may be required if 
the donor PA length is not adequate (3). 

After air is removed from the heart chambers using standard de-airing 
maneuvers, the patient is weaned off bypass. The chest is then closed 
with sternal wires followed by a subcuticular closure using absorbable 
suture. 



BICAVAL VS STANDARD TECHNIQUE 

The standard technique for cardiac transplantation, developed by 
Lower and Shumway, involves anastomoses of the donor atrial cuffs to 
the recipient’ s atrial cuffs — a biatrial anastomosis (1,7). This technique 
avoids the putative technical difficulty of separate caval anastomoses. 
However, several problems may result from this approach. A biatrial 
anastomosis results in an abnormally enlarged atrial cavity and distorted 
atrial geometry, producing atrioventricular (AV) valvular insufficiency 
(8-11). Additionally, bradyarrhythmias may arise because of the close 
proximity of the right atrial suture line to the sinus node, resulting in node 
injury (12-14). 

Over recent years, there has been growing interest in alternative tech- 
niques. Yacoub and Banner modified the standard technique described 
by Lower and Shumway (15). A. bicaval approach preserves the donor 
atria and combines the standard left atrial anastomosis with a separate 
bicaval anastomosis (16-18). 

Another approach is total orthotopic heart transplantation. This 
approach was described by Webb and Neely in 1959 and introduced by 
Dreyfus and Yacoub in 1991 (15,17,19). It involves complete recipient 
atrial excision with complete AV transplantation, in addition to separate 
bicaval and pulmonary venous anastomoses (20,21). This technique’s 
major disadvantages are the additional time required to complete the six 
anastomoses and the technical challenge of performing the pulmonary 
vein island anastomoses. 

There are many studies in the literature comparing the bicaval 
approach to the standard approach. Milano et al., reporting on 75 cases, 
demonstrated an increase in postoperative cardiac index, a decrease in 
postoperative epinephrine requirements, less tricuspid regurgitation 
(TR), a decrease in temporary pacing requirements, and fewer arrhythmi- 
as associated with the bicaval approach (22). The bicaval group had a 
shorter hospital stay; however, there was no difference in survival 
between the two groups. 

In a prospective, randomized study by Sievers et al., eight bicaval 
patients were compared to 10 biatrial patients. The data showed that 
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bicaval patients had a smaller right atrial size and less TR with exercise 
postoperatively, as well as better preserved atrial dimension at 3 yr, 
when compared to the standard group (10). 

El-Gamel et al. compared 40 bicaval with 35 standard patients. Bicaval 
patients had lower atrial pressures, fewer atrial arrhythmias, decreased 
requirements for temporary pacing, less mitral regurgitation (MR), and 
shorter hospital stays (23,24). 

Aziz et al. published a randomized trial comparing 96 bicaval cases 
with 105 standard cases, with 5-yr follow-up. They found an improve- 
ment in 1-, 3-, and 5-yr actuarial survival, left ventricular ejection 
fraction, and TR in the bicaval group (25). 

A randomized trial by Deleuze et al. comparing the bicaval approach 
with the standard approach found that patients who underwent a bicaval 
approach had a significantly decreased requirement for postoperative pace- 
makers (12.5% for the standard group vs 0% for the bicaval group) (12). 

Other studies comparing the bicaval with the biatrial approach showed 
an improvement in hemodynamics, cardiac chamber dimensions, and 
exercise capacity associated with the bicaval approach (11,12). The 
bicaval approach is also associated with a decreased incidence of post- 
operative atrial arrhythmias, both early and late, as compared to the 
standard approach (26). Traversi et al., in studying 22 bicaval and 27 
standard patients, found that bicaval patients had greater right and left 
atrial emptying and pump fractions, right atrial ejection force, and less 
MR and TR (27). Grande et al., in comparing 46 bicaval and 7 1 standard 
patients, found that bicaval patients had decreased postoperative pressor 
requirements and blood loss (28). 

Potential disadvantages of the bicaval approach involve prolonged 
ischemic time and the potential to develop a stenosis at the SVC-IVC 
anastomosis. However, the latter is rare. In the series reported by Milano 
et al., no patients required a revision of the SVC-IVC anastomosis either 
surgically or with percutaneous techniques (22). Similarly, in the 27 
patients studied by Leyh et al. over 36 mo, there were no incidences of 
caval stenoses or thromboses (11). 

Aziz et al. performed a worldwide survey of 2 1 0 International Society 
for Heart and Lung Transplantation (ISHLT) centers regarding opera- 
tive techniques; they received a response rate of 70% (29). The survey 
demonstrated that the bicaval approach is the most widely used. Because 
of its simplicity and effectiveness, it has been accepted as the replace- 
ment technique for the standard Lower and Shumway approach. A 
bicaval approach retains the normal atrial morphology, and it preserves 
synchronous atrial contractility, sinus node function, and AV valvular 
competence. Also, the bicaval approach avoids some potential problems 
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associated with the total technique, such as bleeding from inaccessible 
suture lines in the posterior pulmonary veins and twisting or narrowing 
of the pulmonary veins, causing a narrowed pulmonary anastomosis. 

The ISHLT survey by Aziz et al. also found that the total technique 
is infrequently employed (29). This may be because of the technical 
difficulty in performing a separate pulmonary venous anastomosis. 
Additionally, it is difficult to preserve adequate quantities of donor left 
atrial tissue. 

However, the total orthotopic transplantation data seem positive. A 
study by Trento et al. retrospectively analyzed 100 total orthotopic heart 
transplants (30). Early, 1-yr, and 3-yr survivals were 100, 98, and 96%, 
respectively. All patients were discharged in normal sinus rhythm, and 
no permanent pacemakers were required in the first 6 postoperative mo. 
One yr after transplantation, 22% of patients had greater than or equal to 
2+ MR and 36% had greater than or equal to 2+ TR, which is lower than 
much data in the standard technique literature (8,9). 

A number of studies have been conducted comparing standard with 
total techniques (see Table 1) (31-33). To further evaluate the issue of 
which technique is best, a randomized trial comparing a bicaval approach 
with a total approach is necessary. 

Currently, a bicaval approach is the authors’ preferred approach for 
orthotopic cardiac transplantation. As compared to the standard tech- 
nique, a bicaval approach provides anatomic and functional advantages, 
with a consequent improvement in hemodynamics and patient survival. 
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INTRODUCTION 

Cardiac transplantation for complex congenital heart disease incor- 
porates aspects of both reparative and replacement surgery ( 1 - 10 ). 
Whereas intracardiac congenital malformations are replaced and, 
therefore, pose few obstacles to the transplant surgeon, extracardiac 
malformations (be they congenital, acquired, or iatrogenic) present a 
major challenge to the operative team. Traditionally, the majority of 
these patients range in age from infancy to young adolescence. How- 
ever, more recently, survival into adulthood of those with congenital 
heart disease and a lack of suitable alternative therapies for end-stage 
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heart disease have generated a substantial population of adult congenital 
transplant candidates. 

Not surprisingly, the transplantation technique in patients with myo- 
pathic congenital heart disease is not different from that performed in 
adults. However, the disease spectrum and the limitless combinations of 
congenital defects (and prior palliative operations) can significantly 
complicate the recipient operation. Pretransplant, a full comprehension 
of the operative plan for the management of each patient (and his or her 
lesion) is essential for the donor team so that they may harvest donor 
tissue of appropriate amounts to allow for adequate reconstruction and 
potential conduit formation. This understanding also extends to the 
perioperative recipient teams — especially in adult congenital patients — 
where the cardiac anesthesia team, in particular, may be less familiar 
with congenital lesions and their perioperative concerns. 

For infants and children with congenital heart disease, donor-recipient 
size matching can be difficult and generally requires some liberalization 
of the standard criteria. We have extended the donor-recipient mismatch 
up to 200% to enlarge the potential donor candidate pool. Often, the 
recipient’s cardiomegaly allows for organ replacement from a substan- 
tially larger donor. When necessary, adjunctive procedures, such as 
opening both pleural spaces, reducing tidal volumes, or delaying sternal 
closure, can accommodate significantly oversized donor hearts. 

DONOR OPERATION 

The donor operation proceeds as routine for heart transplantation, 
except for the frequent need for additional donor tissue to reconstruct the 
recipient. In general, there are three anatomic concerns for recipient 
reconstructive techniques. First, donor procurement for a recipient with 
a persistent left superior vena cava (LS VC) may require the mobilization 
and extirpation of the entire donor innominate vein. Second, reconstruc- 
tion of the recipient’s main pulmonary artery (PA) after Rastelli recon- 
struction, or with branch PA stenosis, may mandate harvesting the 
donor’ s entire intrapericardial main and branch PAs. Finally, donor pro- 
curement for recipients with aortic arch hypoplasia or other arch abnor- 
malities can require full mobilization and removal of the aortic arch, arch 
vessels, and portions of the descending aorta if necessary (Fig. 1). 

Our institutional preference is using Celsior solution for preservation, 
at a dose of 20 cc/kg of the donor, infused at 80 mmHg. For donors 
greater than 50 kg, we administer 1 L of solution at a systolic pressure 
of 150 mmHg (80 mmHg in infants and children). As with standard 
transplant procedure, the organ is stored in saline in multiple sterile 
containers at 4°C for transport. 
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Fig. 1. Result of donor procurement for recipients with aortic arch hypoplasia 
or other arch abnormalities. 

RECIPIENT OPERATION 

In patients with multiple prior procedures, and for those in whom 
cardiomegaly and volume overload may significantly complicate 
reoperative dissection, peripheral cardiopulmonary bypass is often insti- 
tuted through femoral artery and vein cannulation, when patient size 
permits. When safe entry in the chest is accomplished, and the great 
vessels and atria are dissected, it is not uncommon to recannulate the 
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patient centrally to ensure sufficient flow at low-line pressure. Naturally, 
aortic cannulation, when performed centrally, must be done sufficiently 
distally along the aortic arch for appropriate reconstruction in cases 
requiring aortoplasty. In addition, those infants with ductal-dependent 
circulation may benefit from an additional cannula in the main PA and 
directed through the ductus. Iatrogenic venous considerations (e.g., 
Glenn shunt) may also require proximal cannulation for venous drainage. 

If a relatively straightforward procedure and short ischemic time are 
anticipated, the recipient is cooled to 32°C. However, for complex cases 
requiring significant reconstruction and for recipients with increased 
bronchial venous return, more profound hypothermia, or even deep 
hypothermic circulatory arrest at 18°C, may be used. 

ANOMALOUS CONDITIONS 
Atrial Anomalies 

Essentially, there are three types of atrial anomalies: (a) those involv- 
ing size discrepancies between donor and recipient, (b) those created by 
iatrogenic surgical distortion, and (c) viscero-atrial situs inversus, in 
which the donor and recipient atria are spatially inverted. 

For donor-recipient atrial discrepancies, we employ two techniques 
(often in concert) to better align the atria. First, the recipient atrium may 
be reduced by oversewing the cephalic atrium, thereby extending the 
recipient’s superior vena cava (SVC) length (Fig. 2). Second, the donor 
right atrial incision may be performed in the sinus venosus region of the 
right atrium, just posterior to the sinoatrial node (Fig. 3). Then, this 
paraseptal incision may be extended to increase the donor’ s right atrium 
as needed. Interestingly, in our experience, the latter technique has not 
resulted in an increased incidence of atrial arrhythmias. 

Often, patients who have undergone Mustard or Senning atrial inver- 
sion procedures develop significant atrial distortion. First, in such pa- 
tients, the right atrium may be abnormally large and the left atrium 
abnormally small, and the venae cavae are often drawn to the left side. 
Therefore, after baffle excision, the cavae orifices tend to align in close 
proximity to the pulmonary vein orifices . The size discrepancies of donor 



Fig. 2. {top right) Technique for reducing atrial cuff size for donor-recipient 
atrial discrepancy. From ref. 1 with permission. 



Fig. 3. {bottom right) Technique to increase donor atrial cuff size for donor- 
recipient atrial discrepancy. From ref. 1 with permission. 
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Fig. 4. Technique for adjusting for patients with prior atrial inversion proce- 
dures. (A) left atrial anstomosis, (B) elongation of the donor right atrial cuff (C) 
right atrial anastomosis. From ref. 1 with permission. 



has been suggested, the inclusion of a “tongue” of left atrial wall on the 
right side may allow for atrial septation when anchored to the posterior 
atrial wall (common atrium) or to a septal remnant. 

Viscero-atrial situs inversus represents an anatomic variant for which 
several complicated techniques have been described. One method, which 
may be used in the setting of bilateral SVCs with the LSVC and inferior 
vena cava (IVC) entering to the right of the pulmonary veins, allows for 
interatrial septum excision and creation of a lateral “T” incision in the 
left atrium (Fig. 5 A). Two baffles may then be created along the common 
atrium’s back wall to bring the vena caval return rightward and, there- 
fore, allow for standard left and right atrial anastomoses (Fig. 5B,C). 

Anomalies of Systemic and Pulmonary Venous Return 

We have encountered two types of anomalies of systemic and pulmo- 
nary venous connections: (a) left SVC and (b) deficiencies of SVC tissue 
from prior operations. For those patients with a left SVC, in which the 
vena cava drains into a coronary sinus not in communication with the left 
atrium, we have found that the recipient cardiectomy may be performed 
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Fig. 5. Technique for reconstructing the atria in a recipient with bilateral SVCs. 
(A) interatrial septum excision and creation of a “T” incision in the left atrium 
that ultimately baffles flow from the left-sided SVC and left I VC to the new right 
side, (B) left atrial anastomosis, (C) right atrial anastomosis. From ref. 1 with 
permission. 



leaving the coronary sinus intact. However, here, the middle cardiac vein 
must be transected and oversewn prior to completing the left atrial 
anastomosis (Fig. 6). Whereas, for those patients in whom the coronary 
sinus is unroofed, the left SVC may be ligated, divided, and subse- 
quently anastomosed directly to the donor innominate vein (Fig. 7) or 
baffled to the right atrium using additional adjacent recipient left atrial 
tissue (Fig. 8). 

Those single-ventricle patients who have undergone cavopulmonary 
shunts or have bilateral SVC may be reconstructed easily using donor 
SVC and innominate vein to anastomose the left and right vena cavae, 
respectively. Naturally, cannulation must be sufficiently high along the 
SVC for the necessary dissection, mobilization, and reconstruction. 

Anomalies of the Great Arteries 

These anatomic variants represent anomalies of position, size, and 
surgical distortion, in addition to anomalies produced by aortopulmonary 
collateral arteries. Simple malposition can be reconstructed easily with 
harvesting of additional donor great vessels. The most severe size dis- 





Fig. 6. Management of the patient with L-SVC to the coronary sinus 
(oversewing of the middle cardiac vein). From ref. 1 with permission. 




Fig. 7. Alternative management of the recipient with an L-SVC (use of donor 
innominate vein to baffle flow from the recipient L-SVC to the right atrium). 
From ref. 1 with permission. 
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Fig. 8. Management of the patient with an unroofed coronary sinus using left 
atrial tissue to reconstruct the coronary sinus roof. 



crepancy is seen in hypoplastic left heart syndrome, although other ab- 
normalities of the arch and descending aorta may be encountered where 
repair is similar (Fig. 9A,B). 

PA reconstruction may be necessary because of (a) position abnor- 
malities, (b) pulmonary outflow obstruction abnormalities, or (c) previ- 
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ous cavopulmonary, atrial pulmonary, or systemic pulmonary shunts. 
Either or both branch PAs may be congenitally atretic or stenotic, or, 
alternatively, they may have areas of acquired stenosis or distortion from 
prior shunt procedures mandating reconstruction. In addition, we have 
performed transplantation in individuals with only one “functional” PA 
(the other having been rendered nonfunctional by congenital unilateral 
atresia), a condition which requires “baffling” of the donor PA for 
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Fig. 9. (A) and (B) Use of donor aortic arch to reconstruct the hypoplastic arch 
of a recipient with hypoplastic left heart syndrome. From ref. 1 1 with permission. 



unobstructed, unilateral pulmonary blood flow (Figs. 10A,B). In gen- 
eral, PA abnormalities may be bypassed completely or augmented via 
patch angioplasty or with additional donor PA tissue. 

For those with L-TGA (congenitally corrected transposition of the 
great arteries) who received prior reconstructions with PA conduits, the 
conduit may be transected distally to the prosthesis (and the donor PA 
anastomosed directly end-to-end to the remaining conduit), or, prefer- 
ably, the entire conduit tissue may be removed and the PAs may be 
reconstructed and enlarged, if necessary, with extended donor PA tissue. 

For those patients with pulmonary outflow obstruction who have 
undergone Waterston shunts or PA banding procedures, or have pulmo- 
nary stenosis or atresia at baseline, PA reconstruction may be performed 
with band removal, and partial pulmonary arterioplasty may be 
performed with either bovine pericardium or extended donor PA. Alter- 
natively, Waterston shunts may be repaired from within the aorta, and 
PA band tissue may simply be excised, and the PA anastomosis may be 
performed directly to the PA bifurcation (Fig. 11). Prior modified 
Blalock-Taussig shunts may be ligated or oversewn from within the PA, 
and the cavopulmonary shunts may be reconstructed bilaterally, the PAs 
may be repaired, and the venae cavae may be reconstructed end-to-end 
with extended donor SVC and/or innominate vein. 
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Fig. 10. Demonstration of the use of donor main pulmonary artery (PA) to 
reconstruct the front wall of the recipient PA in a patient with one functional PA 
(A) after donor excision and (B) after recipient anastomsis. 



Additionally, often those who have had a right classic Glenn 
cavopulmonary anastomosis in conjunction with a Fontan to the left or 
main PA can often have a significant gap between the right PA orifice 
and the main or left PA. This requires reconstruction with donor PA 
tissue at transplant time. 

OTHER CONSIDERATIONS 
Heterotaxy Syndromes 

Children with heterotaxy syndromes have ambiguous visceral and 
atrial situs with associated anomalies of both systemic and pulmonary 
venous return, presenting a significant challenge at transplant. Bilateral 
SVC is common, as is an absent IVC with azygous continuation, with 
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Fig. 11 . Management of the patient with a prior Waters ton shunt (treated by 
excision of the previous shunt, reconstruction of the pulmonary artery. From 
ref. 1 with permission. 



aberrant hepatic venous drainage in a sizeable proportion. In such cases, 
a preoperative cardiac catheterization to elucidate the anatomy is 
essential. 

Generally, recipient cardiectomy is modified such that some recon- 
struction of the recipient atrium is necessary prior to implant (Fig. 12). 
The majority of atrial tissue is used to reconstruct the left atrium, and 
both SVC and I VC are disconnected at their respective atriocaval 
junctions. This large left atrium may require reduction atrioplasty prior 
to implant to make size discrepancies less egregious and to avoid 
atrioventricular valve distortion or incompetence. The caval anasto- 
moses are performed in a standard fashion. In essence, by devoting the 
majority of atrial tissue to left atrial reconstruction, this technique 
accounts for, and repairs, anomalous pulmonary venous return without 
sacrificing caval tissue. 

Biatrial vs Bicaval Anastomosis 

Many studies have been performed in adults comparing biatrial with 
bicaval techniques. Unlike the bicaval approach, biatrial anastomosis is 
associated with distorted right ventricle (RV) geometry, RV dilatation, 
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Fig. 12. Reconstruction of the donor heart in anticipation of implantation into 
a patient with heterotaxy sundrome. From ref. 2 with permission. 



and abnormal septal motion. Hemodynamic studies in adults who have 
undergone a bicaval approach have demonstrated less tricuspid regurgi- 
tation, more normal right atrial dimension and function, and decreased 
requirement for postoperative pacemakers ( 10 ). We favor the bicaval 
approach wherever possible, for the above reasons and because of the 
conunon need to reconstruct prior caval anastomoses. However, whereas 
the possibility of caval stenosis is rare in larger children and adults, its 
potential in neonates and small children is real and must be taken into 
consideration. 



CONCLUSION 

Cardiac transplantation for congenital heart disease offers various of 
challenges to traditional heart replacement techniques. Incorporating 
the reparative methodology of congenital heart surgery, transplantation 
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in this setting often requires extracardiac great vessel reconstruction as 
well as intracardiac baffling to ameliorate anomalous systemic and 
pulmonary venous return. With the advent of therapeutic adjuncts to aid 
perioperative management of critically ill patients, many patients with 
congenital heart disease can anticipate survival comparable to patients 
with acquired heart disease. Because of the growing cohort of adult 
congenital patients, this population is certain to be more prominent in the 
near future. 
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THE INTERNATIONAL SOCIETY FOR HEART AND 
LUNG TRANSPLANTATION GRADING SYSTEM 

In August 1990, under the guidance of Margaret Billingham, 
FRCPath, then president of the International Society for Heart and Lung 
Transplantation (ISHLT), a group of pathologists met to establish a 
universal grading system for the interpretation of transplanted heart 
biopsies. This grading system ( 1 ) was quickly and widely adopted by 
transplant centers and has provided some uniformity for communica- 
tion, publication, and multicenter clinical trials. 
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Technical Considerations 

If a standard adult bioptome is used, a minimum of four pieces of 
myocardium must be obtained. Each piece must be greater than or equal 
to 50% myocardium and not scar or prior biopsy site. Experienced 
operators can distinguish red-brown myocardium from clot or white 
fibrous scar tissue. A minimum of four different sites on the right side 
of the interventricular septum must be sampled; a single large piece of 
tissue must not be cut in half to count as two pieces. If a smaller bioptome 
must be used because of the patient’s age or problems with access, a 
minimum of six myocardial biopsies should be retrieved. 

Fixation in commercially available 10% neutral buffered formalin is 
adequate for routine histology. Electron microscopy is not necessary for 
the diagnosis of rejection. At least one myocardial biopsy should be 
protected in Optimal Cutting Temperature Compound (OCT; Tissue- 
Tek®, Sakura Finetek, USA, Inc., Torrance, CA) or similar freezing 
compound, snap-frozen, and stored at -80°C for immunofluorescence 
studies if humoral (vascular) rejection is a clinical concern. Special fixa- 
tives for preserving ribonucleic acid (RNA), or to facilitate deoxyribo- 
nucleic acid (DNA) extraction, may be used to preserve tissue for 
molecular diagnostic studies; any such fixative should be pretested on 
myocardium to ensure it is suitable for routine microscopy. 

All the biopsy tissue pieces may be embedded together in one paraffin 
block. As these are small tissue pieces, expedited processing on an 
automated tissue processor provides stained slides in approx 4 h from 
tissue receipt in the pathology lab. Manual processing provides slides in 
about 2.5 h, but there are high costs in technician time and disruption of 
the general histology lab schedule. The high quality of the histology 
makes rapid processing preferable to performing frozen sections for 
“stat” diagnosis. 

Rejection may be a focal process, and, therefore, it is necessary to 
have multiple sections from at least three levels through the tissue block. 
Hematoxylin and eosin staining is adequate for the diagnosis of rejec- 
tion. We have not found any “special” histologic stains, such as a con- 
nective tissue stain, to be necessary for grading rejection; unusual 
histologic findings certainly could warrant special studies. Also, we 
have not routinely performed stains for “activated” lymphocytes. Dis- 
tinguishing activated cells likely to damage the graft from “innocent 
bystander” cells has obvious merit. As noted later, some centers use 
lymphocyte growth assays to detect activated cells in the graft. Immu- 
nohistochemical staining for lymphoid infiltrate subtyping may be use- 
ful in the question of Grade 2 rejection vs nodular endocardial infiltrate. 
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Contraction bands are a common biopsy procedure artifact. The pres- 
ence of contraction bands in biopsy material must not be interpreted as 
contraction band necrosis indicative of ischemia and reperfusion injury. 

Cellular Rejection Grading 

Cellular rejection is classified with an ISHLT grade and with diagnos- 
tic terminology. Although the ISHLT grading system includes nomen- 
clature for use in diagnosis, many centers have retained their preexisting 
terminology and append the ISHLT grade to the diagnosis. One reason 
for using diagnostic terms different from the ISHLT nomenclature is to 
avoid confusing patients and physicians who are unfamiliar with trans- 
plant recipient management. For example, most centers will not treat 
Grades lA, IB, or 2 rejection; this may be disconcerting to patients or 
nonspecialist physicians who see a biopsy diagnosis including the word 
“rejection.” The ISHLT terminology appears in parentheses below. 

Grade 0 (No acute rejection) is used in the absence of inflammatory 
infiltrate or myocyte necrosis. Equivocal findings, such as rare intersti- 
tial lymphocytes, are generally graded as 0. 

Grade lA (Focal, mild acute rejection) (Fig. 1 A) describes the pres- 
ence of focal perivascular or interstitial infiltrates of lymphocytes. No 
myocyte necrosis is present. 

Grade IB (Diffuse, mild acute rejection) (Fig. IB) describes more 
diffuse perivascular and/or interstitial infiltrates. No myocyte necrosis 
is present. 

Grade 2 (Focal, moderate acute rejection) (Fig. 1C) is a solitary, 
circumscribed focus of inflammatory infiltrate, which is associated with 
myocyte damage. The infiltrate is composed of large lymphocytes and 
may include eosinophils. The infiltrate is associated with clear myocyte 
damage (necrosis) or occupies space that should be comprised of 
myocytes. This is a single infiltrate focus; the other biopsied myocar- 
dial fragments should be free of any significant infiltrate. The difficulty 
in distinguishing this lesion from a “nodular endocardial infiltrate with 
myocardial extension” will be discussed later. 

Grade 3A (Multifocal moderate rejection) denotes multifocal 
inflammatory infiltrates of large lymphocytes, with or without eosino- 
phils, which are space-occupying or associated with myocyte damage. 
These infiltrates involve one or more endomyocardial fragments. 
Grade 3B (Diffuse, borderline severe acute rejection) (Fig. ID) 
includes a more diffuse inflammatory infiltrate of large lymphocytes, 
with or without eosinophils, associated with myocyte damage in several 
tissue pieces. Interstitial edema is likely to be present, but hemorrhage 
is not seen. 
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Fig. lA. A perivascular lymphoid infiltrate (ISHLT Grade lA). (H&E, xlO) 




Fig. IB. Diffuse perivascular and interstitial lymphoid infiltrates (ISHLT Grade 
IB). (H&E, x4) 

Grade 4 (Severe acute rejection) includes an intense, polymorphous 
infiltrate of large lymphocytes, eosinophils and neutrophils, associated 
with myocyte damage. Edema, hemorrhage, and vasculitis are usually 
present. 
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Fig. 1C. A single, dense infiltrate that occupies space that should contain 
myocytes (ISHLT Grade 2). There is an adjacent small nodular endocardial 
infiltrate. (H&E, xlO) 




Fig. ID. Multifocal infiltrates with myocyte damage (ISHLT Grade 3B). 
(H&E, x4) 
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No Specific diagnosis denotes “resolving” or “resolved” acute rejec- 
tion. The biopsy is graded as above; the designation of “resolving rejec- 
tion, clinically” may be added in parentheses after the grade if there is 
supporting clinical evidence. 

Edema, as noted earlier, is likely to be present in more advanced 
cellular rejection grades. Interstitial edema may also be present as a 
manifestation of “leaky” vessels associated with humoral rejection and 
may occur in apparent isolation. Although not independently graded, the 
presence of edema is important to note, as it contributes to elevated 
ventricular filling pressure f2), a hemodynamic finding associated with 
rejection. 

Endocardial infiltrates are not graded; they may be part of the early 
rejection process or may be related to a previous biopsy site or a nodular 
endocardial infiltrate. The presence of a vasculitis does not indicate a 
specific grade or grade modification. However, vasculitis should be 
described, including the nature of the inflammatory infiltrate and pres- 
ence and type of necrosis, if any, in the vessel wall. It has been suggested 
that the presence of vasculitis carries a worse prognosis (3); this may 
reflect the presence of humoral (vascular) rejection, a particularly 
aggressive acute cellular rejection, or an additional pathologic process 
in the patient. 

Other histologic changes, which must be distinguished from acute 
cellular rejection, may also be present in biopsy tissue. These include: 

• Nodular endocardial infiltrates (Fig. 2A). These distinctive lesions 
appeared after the introduction of cyclosporine (CyA) (Neoral, Sandoz, 
Inc., East Hanover, NJ) immunosuppression and, initially, were termed 
the “Quilty effect,” after the Stanford patient in whom they were first 
noted. These lesions have never been proved to be a manifestation or 
harbinger of rejection. Composed of dense infiltrates of cells with 
admixed capillaries having prominent endothelium, the nodules 
protrude from the endocardial surface into the chamber. The lesions 
may also extend irregularly between myocytes into the subjacent myo- 
cardium. A tangential cut through this myocardial extension focus, 
which did not show the relationship of the lesion to the endocardial 
surface, would histologically resemble a Grade 2 lesion. One study 
serially sectioned through Grade 2 lesions and found that 91% con- 
nected to the endocardial surface and actually were nodular endocardial 
infiltrates (4). Distinguishing “Quilty” lesions from rejection is one 
instance in which inflammatory infiltrate immunophenotyping may be 
useful. Acute cellular rejection is comprised of CD3+ T lymphocytes 
and macrophages (5). The nodular endocardial infiltrates contain sig- 
nificant numbers of plasma cells and CD20+ B lymphocytes, in addi- 
tion to T cells and scattered macrophages (6). 
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Fig. 2A. A nodular endocardial infiltrate with a focus of myocardial extension 
that mimics the histology of ISHLT Grade 2. (H&E, x4) 




Fig. 2B. Giant-cell myocarditis recurred 190 d posttransplant in the graft of 26- 
yr-old woman. (H&E, x20) 



• Prior biopsy site. The frequency with which previous biopsy sites are 
sampled is surprisingly high. A focus of florid damage with extensive 
inflammation, some fibroblasts, capillaries oriented perpendicular to 
the endocardial surface, and fibrin on the lumen surface, when other 
pieces show minimal inflammation, is a typical biopsy site. 
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• Ischemic damage. In the first biopsies following transplantation, there 
may be subendocardial myocyte damage with minimal inflammation. 
Ischemic damage (nuclear karyorrhexis and coagulative necrosis of 
myocyte cytoplasm) is distinct from acute cellular rejection, in which 
myocytes maintain nuclear architecture and cross-striations even when 
engulfed by inflammatory infiltrate. 

• Infectious agents. The immunosuppressed transplant recipient is prone 
to opportunistic infections. These may be de novo fungal or viral infec- 
tions or reactivation of a previous disease such as cytomegalovirus 
(CMV), toxoplasmosis, or trypanosomiasis (T. cruzi). Depending on 
the organism and the immunosuppression level, there may be little or 
no inflammatory infiltrate; focal inflammatory infiltrates in heavily 
immunosuppressed recipients — particularly following an boost immu- 
nosuppression to treat rejection — should be carefully studied to exclude 
opportunistic infection. 

• Recurrence of original disease. Sarcoidosis, giant-cell myocarditis 
(Fig. 2B), and Chagas’ disease have recurred in allografts and are likely 
to have an inflammatory component. Other disease processes less likely 
to be accompanied by inflammation, but reported to recur in allografts, 
include amyloidosis, Fabry’s disease, and malignancies such as mela- 
noma and cardiac sarcoma. 

• Posttransplant lymphoproliferative disease (PTLD) . This complication 
of transplantation will be discussed in more detail below. Distinguish- 
ing a polymorphous PTLD infiltrate with large, activated lymphocytes 
from the large lymphocytes seen in acute rejection is difficult by 
morphology alone. Immunophenotyping may be helpful, because PTLD 
is a B-lymphocyte proliferation in the vast majority of cases, whereas 
rejection is predominantly a T-lymphocyte infiltration. Atypical mono- 
morphic lymphoid infiltrates, which appear malignant by routine his- 
tology, are more easily distinguished from rejection. 

Cellular Rejection: Clinical Correlations 

Not all patients have documented cellular rejection episodes. 
Approximately 45% of recipients have a Grade 3A rejection in the first 
posttransplant year; only 10% have hemodynamic compromise. As 
described in detail in Chapter 7, the clinical response to rejection is 
graded, considering not only the biopsy, but also hemodynamic studies, 
immunosuppressive drug levels, and clinical symptoms. Each center 
determines its own algorithm for dealing with rejection. Included in 
these protocols is an approach to “biopsy-negative” rejection with he- 
modynamic compromise. This group includes symptomatic patients with 
hemodynamic compromise whose biopsies are Grades 0, 1 A, IB or 2 — 
grades not warranting therapy alone. 
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HUMORAL REJECTION 
Hyperacute Rejection 

There are rare reports of hyperacute rejection of cardiac allografts by 
preformed recipient antibodies (7). Hyperacute rejection occurs imme- 
diately following, or within hours of, reintroduction of blood flow into 
the graft. Preformed immunoglobulin (Ig)G and/or IgM antibodies 
against ABO antigens (expressed on vascular endothelial cells as well as 
on erythrocytes), human leukocyte antigens (HLAs), and other endothe- 
lial cell antigens bind to the donor endothelium. Complement is acti- 
vated, neutrophils are engaged, and there is resultant endothelial cell 
destruction with hemorrhage as well as microvascular thrombosis. The 
heart is swollen, stiff, and hemorrhagic. Histologic sections show aggre- 
gated erythrocytes, fibrin thrombi, and neutrophils marginating in small 
vessels. Thrombi are present in veins. There is extensive edema and 
hemorrhage in the interstitium. If the patient lives for sufficient time, 
blood vessels and myocardium may be necrotic. 

This rejection form is the primary obstacle to graft survival in 
xenotransplantation, in which it has been suggested that increased 
vascular permeability and venous thrombosis are more prominent than 
microvascular endothelial injury (8). The preformed antibodies are 
directed against the Gal a l-3Gal P-4GlcNAc-R epitope abundantly 
expressed on pig cells (9). Therefore, early xenograft survival strategies 
are directed against removing the antibody, preventing complement 
activation, or accelerating complement decay (10). 

Humoral (Vascular) Rejection 

The de novo formation in recipients of antibodies directed against 
HLAs expressed on graft endothelium is associated with shortened graft 
survival (11). A histopathologic description of vascular rejection and its 
clinical correlation was first reported by Hammond et al. (12,13). Their 
definition is based on the immunohistologic demonstration of linear 
deposits of complement split products C 1 q and C3 with IgG, IgM, or IgA 
on the vascular endothelium of capillaries and arterioles. Although there 
may be endothelial cell hypertrophy or swelling and vasculitis, these 
light microscopic changes are not sufficiently sensitive or specific to 
be diagnostically useful. Subsequent authors have recommended includ- 
ing immunohistochemical staining for fibrinogen and HLA-DR (14). 

The occurrence, pathologic features, and clinical relevance of humoral 
rejection were addressed in subsequent studies (15-17) with some 
concern over diagnostic technique specificity and use (17). Important 
factors that severely and adversely affect the sensitivity of immune 




106 



Chapter 6 / Pathology and the Transplant Patient 



complex detection include (a) the shedding or internalization of depos- 
ited Ig from the cell membrane of endothelial cells ( 18 ) and (b) comple- 
ment inhibition and destruction by endothelial cells and circulating 
proteins ( 19 , 20 ). This high turnover and transient presence of antibody 
and complement bound to vascular endothelium, despite an ongoing 
humoral response, could be a factor in the poor correlation of immuno- 
histologically-defined humoral rejection with the presence of circulat- 
ing antidonor HLA antibodies ( 21 ). 

One technique postulated to have greater sensitivity for vascular 
rejection detection is staining for C4d covalently bound to vascular 
endothelium. The C4d fragment is generated by the classical, antibody- 
induced pathway of complement activation. Consisting of three polypep- 
tide chains linked by disulfide bonds, C4d undergoes proteolysis by 
activated Cls, releasing a small C4a fragment into the circulation. The 
residual, larger C4b fragment binds covalently with the activating anti- 
body or with the endothelial cell surface. This bound C4b is broken 
rapidly into a soluble C4c fragment and a C4d fragment remaining 
covalently bound to the endothelium. Endothelial C4d deposition is 
associated with early renal allograft loss ( 22 ) and poor renal graft func- 
tion ( 23 ), independent of acute cellular rejection, and, also, with a higher 
risk of cardiac allograft loss ( 24 ). However, there are important limita- 
tions to C4d staining interpretation. 

There is a high incidence of complement activation in patients receiv- 
ing induction therapy with antibodies (e.g., CD4 chimeric antibody, 
antithymocyte globulin, or OKT3) ( 24 , 25 ), resulting in a high incidence 
of vascular deposition of antibody and complement without clinical 
significance. Also, C4d deposition is more common in multiparous 
women, and the role of ischemia/reperfusion injury in predisposing to 
C4d deposition is not fully understood. Whereas C4d persistence on the 
vascular endothelium makes it a more sensitive assay, when a patient is 
‘positive’ for C4d deposition, the staining persists, limiting the test’s 
usefulness for monitoring therapies aimed at reducing circulating anti- 
graft antibodies. 

TRANSPLANT CORONARY ARTERY DISEASE 

Beyond 1 yr posttransplantation, malignancy and cardiac allograft 
vasculopathy (CAV) become important patient and graft survival deter- 
minants ( 26 ). The incidence of CAV is related to the detection method’s 
sensitivity. Angiographic studies document CAV in up to 45% of heart 
allograft recipients within 3 yr of transplantation f27j; studies using 
intravascular ultrasound (IVUS) have documented intimal thickening in 
58% of recipients at 2 yr ( 28 ). 
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Fig. 3 A. Transplant vasculopathy with concentric narrowing of the lumen with 
a recanalized thrombus and focal thinning of the media. There are focal lym- 
phoid infiltrates in the adjacent epicardial fat. (H&E, x2) 




Fig. 3B. An elastic van Gieson stain highlights the intimal proliferation, reca- 
nalization, and the focal thinning of the media in an epicardial coronary artery 
with transplant vasculopathy. (H&E, x2) 



Histology 

CAV (Fig. 3A,B) is morphologically distinct from common athero- 
sclerosis: (a) the intimal lesions are concentric rather than eccentric in 
the lumen, (b) the intimal lesions are diffuse and extensive rather than 
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discrete occlusions, (c) there is, particularly in early lesions, more exten- 
sive inflammation with lymphocytes, (d) calcification is rare, (e) the 
lesions are more likely to extend into small, intramyocardial vessels, and 
(f) similar, but generally less extensive, lesions may he present in cardiac 
veins. The process is also distinctive in its accelerated course and lethal 
occurrence in young children. 

The relative contributions of intimal thickening and vessel constric- 
tion to vessel lumen loss are detailed with serial IVUS studies. Increase 
in intimal area is greater in yr 1 than in subsequent years (29,30). After 
1 yr, lumen loss is related primarily to constriction of the vessel wall 
(area circumscribed by the external elastic lamina) (30). Lumen loss 
resulting from vessel shrinkage is more important in large coronary 
arteries than in small arteries; intimal proliferation is similar in both 
large and small vessels (31 ). 

Large- and medium-sized coronary arteries are not sampled by 
endomyocardial biopsy, but ischemic changes may be seen in myocytes 
in these biopsies. Rarely, an actual infarct may be sampled. The most 
common form of reversible ischemic change seen in myocytes is 
myocytolysis (32). Another rare finding is microvesicular lipid accumu- 
lation in chronically ischemic myocytes (33). 

Etiology 

Both immunologic and nonimmunologic factors have roles in the 
development of coronary artery disease (CAD) in transplants (34,35). 
Nonimmunologic factors include warm and cold ischemia before trans- 
plantation, donor age, pre-existing vessel disease, and the risk factors for 
nontransplant atherosclerosis. The mechanisms by which CMV infec- 
tion is associated with cardiac allograft rejection and arteriopathy involve 
cytokine release but are incompletely defined . Generally, vasculopathy 
is accepted as a form of chronic rejection of allografts with an immuno- 
logic attack directed primarily against the graft’s vascular endothelium 
( 36). The relative roles of T lymphocytes (37) and antibodies (JS) in the 
genesis of endothelial damage have been hotly debated. Whatever the 
damage mechanism, the subsequent intimal proliferations likely follow 
cytokine release, smooth muscle cell migration and proliferation in the 
intima, macrophage migration into the intima, extracellular matrix syn- 
thesis, vessel media thinning (perhaps by smooth muscle cell apoptosis), 
and alterations in endothelial cell function leading to vessel wall remod- 
eling, as noted earlier. Angiotensin II, and its interaction with its ATI 
and AT2 receptors, also plays an important role in CAV and may be 
critical in the differential involvement of large, epicardial coronary 
arteries and small, intramyocardial arteries (39). 
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The relationship of CAV to acute cellular rejection remains unclear 
in reviews from clinical transplant centers ( 40 , 41 ). A discrepancy 
between acute rejection and vasculopathy is also noted in at least one 
experimental transplant model ( 42 ). Additionally, it has been clinically 
observed that incremental improvements in immunosuppression 
improve patient care and markedly reduce the incidence of fatal acute 
cellular rejection but do not significantly alter the incidence of CAV as 
a cause of death It is postulated that CAV primarily results from 
indirect antigen presentation (donor antigens presented by host antigen- 
presenting cells), whereas acute cellular rejection relies on direct antigen 
presentation (donor antigen presented by donor cells). If current 
immunosuppressives such as CyA are better inhibitors of the direct 
pathway than the indirect pathway of antigen presentation, cellular 
rejection could be controlled without significant effect on CAV. 

TRANSPLANTED HEART REINNERVATION 

Limited sympathetic reinnervation occurs in the majority (75-80%) 
of heart transplant recipients studied 1 yr or more after transplantation 
( 44 ). The extent of reinnervation varies ; the most frequently reinnervated 
site is the left ventricular anterior wall. Sympathetic innervation resto- 
ration lends improved responses of heart rate and contractile function 
with exercise ( 45 ). There is evidence that parasympathetic reinnervation 
occurs in a small minority of these patients ( 46 ). Although recipients 
with graft vasculopathy and ischemic damage to the myocardium in the 
first year posttransplantation may not experience chest pain, angina pec- 
toris is reported by some recipients later in the posttransplant period. 

POSTTRANSPLANT LYMPHOPROLIFERATIVE 
DISORDERS 

PTLDs are lymphoid proliferations that develop as a direct conse- 
quence of immunosuppression in patients who have undergone organ 
allograft transplantation. PTLDs are, clinically and pathologically, a 
heterogeneous group of polyclonal and monoclonal proliferations, pre- 
dominantly of B-cell type and less often T-cell type. The risk of devel- 
oping a PTLD varies with the allograft type, immunosuppression 
intensity and type, the presence or absence of immunity to Epstein-Barr 
virus (EBV) prior to transplantation, and CMV disease development. 
The highest incidence of PTLDs (approx 10%) is reported in heart and/ 
or lung recipients, and the lowest incidence (less than 1 %) is reported in 
renal transplant recipients ( 26 , 47 ). Hepatic allograft recipients have an 
intermediate risk (1-2%). PTLD mortality in solid organ allograft 
recipients is as high as 50-80% ( 48 ). 
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Pathogenesis 

The vast majority of PTLDs (80-90%) are associated with EBV 
infection and represent EBV-driven proliferations (49-51). This asso- 
ciation has been demonstrated by many methods, including Southern 
blot, polymerase chain reaction, in situ hybridization techniques, and 
Western blot. EBV infection is associated with a variety of human 
malignancies (e.g., Burkitt’s lymphoma, Hodgkin’s lymphoma, PTLDs, 
some T-cell lymphomas, gastric carcinomas, nasopharyngeal carcinoma, 
and smooth muscle neoplasms), and the role of the viral latent genes in 
the malignant transformation process has been reviewed (52,53). Most 
PTLD cases in solid organ transplant recipients are believed to arise 
from the recipient’s B lymphocytes (54), rather than from donor B lym- 
phocytes as seen following bone marrow transplantation. In a minority 
of cases, lymphoid cells transplanted with the allograft can survive and 
undergo malignant transformation. 

The associated EBV infection may be latent in the recipient or may be 
acquired posttransplantation in naive recipients (seronegative for EBV ; 
EB V-)through community contacts or after organ receipt from an EB V-t- 
donor. In either instance, in the absence of an EBV-specific immune 
response (decreased T-cell immune surveillance), EBV undergoes un- 
controlled replication and infects the recipient B lymphocytes. The ex- 
pansion of multiple, polyclonal, EBV-infected and -immortalized 
B-lymphocyte clones may correspond to the early and polymorphic 
PTLD lesions (see WHO classification below). The subsequent devel- 
opment of several dominant clones may yield oligoclonal proliferations, 
and the development of a single dominant clone may yield a monoclonal 
proliferation. The oligoclonal proliferations may not have undergone 
malignant transformation but are susceptible to such transformation. It 
is suggested that mutations in the bcl-6 gene (55) might be a useful 
marker for predicting an aggressive clinical course following transfor- 
mation (56). With mutations in other proto-oncogenes or in tumor sup- 
pressor genes, these proliferations develop into malignant neoplasms. 
Most of these neoplasms have the monomorphic appearance of malig- 
nant lymphoma, but some are histologically polymorphic. 

Epidemiology 

The key risk factors for PTLD development include lack of specific 
pretransplantation immunity to EBV (EB V-), high doses of antilympho- 
cyte antibody posttransplantation, and CMV disease development. 
Pretransplantation EBV seronegativity was the first recognized risk 
factor (57). It is noted that the risk of developing malignancy post- 
transplantation is related generally to the overall severity of immuno- 
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suppression (58), which is dictated by the type of organ transplanted. 
The addition of cytolytic agents, such as OKT3, as rejection prophylaxis 
or for refractory rejection treatment, adds additional risk for developing 
PTLD (59). Some antilymphocyte agents such as OKT3 not only impair 
EBV-specific immune surveillance but may also stimulate the produc- 
tion of inflammatory cytokines, such as tumor necrosis factor (TNF), 
that increase EBV transcription and reactivation (60). 

A role for CMV disease in promoting PTLD development has been 
recognized more recently (61). The CMV-naive recipients of grafts from 
CMV-f donors are particularly at risk. This synergy of CMV infection 
and EBV proliferation may also be mediated by the CMV-induced 
inflammatory cytokine production. 

Diagnosis and Classification 

The designation “PTLD” covers a wide spectrum of strikingly hetero- 
geneous, EBV-driven lymphproliferative processes, incorporating 
hyperplastic, neoplastic, polyclonal, and monoclonal lymphoid prolif- 
erations. Therefore, PTLD should not be used as a final pathologic 
diagnostic term without further subclassification. This lesion subclassi- 
fication, in a manner accurately predicting the subsequent clinical course, 
has been a great challenge. Sharp distinction between different catego- 
ries is not always possible because of significant overlapping of clinical 
and pathologic features. Various descriptive histological groupings have 
been advanced ( 51,54, 62, 63). Whichever classification system is used at 
a specific center, the success of interinstitutional collaborative diagnos- 
tic and therapeutic trials depends on having some common information 
on each patient’s PTLD (50). Briefly, these include information on his- 
tology, lesion EBV status including EBV clonality, B- and T-cell 
clonality, stage (the Ann Arbor Staging Classification with Cotswald 
Modification (64) used for non-Hodgkin’s lymphoma should include 
information on involvement of the allograft itself, central nervous sys- 
tem involvement, and the presence of symptoms), the presence of other 
cell types, and cell markers associated with therapy (such as CD20). 

Gathering this information from individual specimens has certain 
practical implications. Excisional biopsy is the preferred method for 
obtaining diagnostic tissue, and needle core biopsy should be used only 
when an open biopsy is impractical. Cytology procedures do not yield 
sufficient tissue for PTLD lesion subclassification. The specimen should 
be processed promptly, and fresh tissue should be submitted for flow 
cytometric analysis, if possible. The ancillary diagnostic tests are prima- 
rily DNA-based. Identification of EBV early RNA is done by in situ 
hybridization method (65). Identification of this RNA species may be 
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performed on routinely processed, formalin-fixed, paraffin-embedded 
tissue. It should be noted that polyclonal and monoclonal lesions may 
develop in multiple sites in one patient and represent clonally distinct 
tumors ( 66 , 67 ). 

The World Health Organization (WHO) has adopted a morphologic 
PTLD classification in its recently proposed classification of tumors of 
hematopoietic and lymphoid tissues ( 68 ). PTLD categories recognized 
in the proposed WHO classification are briefly discussed below. 

In the early lesion category, there are two possible overlapping lesions: 
infectious mononucleosis-like PTLD and reactive plasmacytic hyper- 
plasia. Usually, the lymphoid tissue architecture is preserved, with 
interfollicular area expansion (Fig. 4A). Such lesions are usually 
polyclonal proliferations and do not have structural alterations in 
oncogenes or tumor suppressor genes ( 62 ). Many lesions have evidence 
of EBV infection, which may be polyclonal, oligoclonal, or monoclonal 
( 49 ). Immunosuppressive therapy reduction leads to regression of almost 
all such lesions ( 69 ). Rare patients with a reactive plasmacytic hyperpla- 
sia may, subsequently, develop a PTLD with different morphologic and 
molecular characteristics. The new lesion determines their prognosis. 

The polymorphic PTLD category includes polymorphic destructive 
infiltrates obliterating the normal tissue architecture. The proliferating 
lymphoid cells may include immunoblasts, plasma cells, and atypical 
intermediate-sized cells (Fig. 4B,C). Frequently, necrosis is present. 
These lesions contain monoclonal B-cell proliferations with monotypic 
surface Ig, or no surface Ig, and clonal Ig heavy- and light-chain gene 
rearrangements. Most of these lesions have clonal EBV. They may have 
mutations in bcl-6 but lack gene rearrangements in bcl-6 or other 
oncogenes or tumor suppressor genes. The clinical course of these lesions 
is variable. Some regress with a reduction in immunosuppression ( 50 , 70 ) . 
Usually, this is the first therapeutic approach to these lesions. However, 
other lesions progress despite reduced immunosuppression and the 
addition of aggressive therapy. Whereas most of the patients have a good 
prognosis and do not die of PTLD, early identification of the few patients 
with aggressive lesions, with the hope that early treatment may improve 
outcome, remains the major challenge for pathologists. 

The monomorphic PTLD category includes histologically malignant 
proliferations identical to the non-Hodgkin’ s lymphomas and myelomas 
in nonimmunosuppressed persons. Most of these lesions are diffuse large 
B-cell lymphomas of the WHO classification ( 68 ). Rare Burkitt’s and 
Burkitt’ s-like lymphoma cases have been reported. Clearly, these lesions 
are malignant with a monomorphic cell population obliterating normal 
tissue architecture (Fig. 4D). They are B-cell tumors with clonal 
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Fig. 4A. Posttransplant lymphoproliferative disorder (PTLD), early lesion, 
plamacytic hyperplasia. Numerous plasma cells are present. (H&E, x400) 




Fig. 4B. PTLD, polymorphic lesion. There is diffuse effacement of the nodal 
architecture by a polymorphic infiltrate of small, medium, and large trans- 
formed lymphoid cells. (H&E, x400) 



Ig heavy- and light-chain gene rearrangements. Usually, there is evi- 
dence of monoclonal EBV infection. The lesions also have structural 
alterations of one or more proto-oncogenes and/or tumor suppressor 
genes, most commonly ras, c-myc, or p53 ( 62 ). Unlike the early lesions 
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Fig. 4C. The vast majority of cells in this polymorphic PTLD are CD20-posi- 
tive. (CD20 immunoperoxidase strain, x200) 




Fig. 4D. PTLD, monomorphic lesion (diffuse large B-cell lymphoma). There is 
diffuse proliferation of large transformed lymphoid cells. (H&E, x400) 



and the polymorphic PTLD that tend to present with restricted disease, 
often, these patients present with disseminated (Stage III or IV) disease. 
These lesions do not regress with immunosuppression reduction and must 
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Fig. 4E. In situ hybridization (ISH) stain for Epstein-Barr virus encoded RNAs 
(EBER) showing nuclear staining in many lymphoid cells of variable sizes. 
(EBER by ISH, x200) 

be treated with combination chemotherapy. Unfortunately, the prognosis 
is generally poor, and these lymphomas are usually fatal within months. 

As noted earlier, the overwhelming majority of PTLDs (80-90%) 
show EBV infection (Fig. 4E), and, in most, there is evidence of a single 
EB V infection prior to clonal expansion of the B-cell population ( 62 , 71 ). 
However, about 10-20% of PTLDs are EBV negative, especially among 
those occurring at long intervals after organ allograft transplantation 
( 72 ). It is suggested that the term PTLD be restricted to EBV-positive 
lesions ( 50 ) and that late-occurring lymphomas (more than 1 yr after 
transplant), which are EBV-negative and are identical to lymphomas in 
immunocompetent subjects should be considered a distinct entity ( 73 ). 
However, it is also noted ( 74 ) that some of these EBV-negative lesions 
respond to decreased immunosuppression and EBV-negative positivity 
should not be an absolute PTLD diagnosis criterion. The classifications 
noted earlier can also be applied to EBV-negative tumors. Future studies 
can determine whether the incidence of EBV-negative lymphomas is 
higher in transplant patients than in the general population, and, if so, 
they can explain the differences between EBV-positive and EBV-nega- 
tive PTLD. 

T-cell lymphoproliferative disorders following transplantation are 
rare in the Western world but are reported more frequently in Japan, 
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particularly among renal transplant patients ( 75 ). Approximately half of 
these cases are adult T-cell leukemia/lymphoma with seropositivity for 
human T-lymphotropic virus (HTLV)- 1 , and HTLV - 1 genome detected 
in the tumor. Mutations in p53, c-kit, and p-catenin genes are frequently 
present ( 76 ). These T-cell lesions tend to have an aggressive clinical 
course. 

Classical Hodgkin’ s lymphoma cases have been described in allograft 
recipients. The diagnosis should be based on both classical morphologic 
and immunophenotypic features. 

Extranodal marginal zone lymphomas of the mucosa-associated 
lymphoid tissue-type are not considered part of the PTLD spectrum. 
There is no apparent role for EBV in their pathogenesis, and these 
lymphomas are not clinically aggressive ( 77 ). It remains to be seen 
whether they occur at an increased frequency in transplant recipients. 

OTHER VIRUSES AFFECTING GRAFT SURVIVAL 

Viral infection’ s role in triggering cardiac allograft rejection and graft 
loss is the subject of debate ( 78 ). An association of CMV infection with 
rejection and vasculopathy has been described ( 79 ). The association’s 
pathogenesis is not clear; molecular mimicry between CMV and specific 
histocompatibility antigens could be a direct link. A stimulation of 
cytokine release by CMV infection, leading to upregulation of class II 
antigens on the graft, is an indirect link ( 35 ). Adenovirus genome iden- 
tification in pediatric allograft recipient hearts may predict reduced graft 
survival resulting from acute rejection, chronic graft dysfunction, or 
vasculopathy ( 80 ). 

ALTERNATIVE REJECTION MARKERS 

Endomyocardial biopsy’s invasive nature and the challenges of 
performing biopsies in young children have propelled the search for 
alternative diagnostic rejection markers for rejection of the cardiac 
allograft. To date, none shows a sensitivity and specificity superior to 
the biopsy. There has been a full spectrum of innovative and excit- 
ing approaches, generally studying peripheral blood or employing 
noninvasive radiologic, echocardiographic, or electrocardiogram stud- 
ies. Some approaches are described here. 

Peripheral Blood 

Elevated plasma levels of C-reactive protein predict cardiac allograft 
failure and correlate with ISHLT Grade 3 rejection frequency ( 79 ). 
Serum levels of interleukin (IL)-6 and -8 and TNF-a are reported as 
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useful (80,81) or not useful (82) in acute rejection prediction. Applica- 
tions of microarray technology (“gene chips”) may yield profiles of gene 
activation in peripheral blood that correlate with acute rejection or 
immunologic quiescence; this technique’ s expense and technical limita- 
tions must be overcome before the tests can be considered diagnostic. A 
more productive role for cytokine study may be as an adjunct to the 
biopsy; intragraft cytokine production may distinguish meaningful 
lymphoid infiltrates from inactive or resolving infiltrates (83). 

Lymphocyte Growth From Biopsies 

An adjunct to histologic biopsy studies, lymphocyte growth from 
biopsies has been used to assess the IL-2 responsiveness of the biopsy 
cells. One piece of biopsy tissue is placed in culture medium supple- 
mented with IL-2 (84). Presumably, only activated lymphocytes already 
bearing IL-2 receptors proliferate in response. The study determines 
whether cells seen histologically in the biopsy are actively engaged in 
rejection. The authors’ center gives patients an oral steroid boost and 
taper if they have Grade IB or 2 biopsy histology and have a positive 
lymphocyte growth assay. 

Echocardiographic Data 

Noninvasive studies assessing ventricular function or wall motion, or 
judging the presence of interstitial edema in the graft, could be expected 
to correlate well with clinical rejection manifestations. Tissue Doppler 
wall motion imaging detects ventricular dysfunction more sensitively 
than conventional echocardiography. Using this technique to avoid 
“unnecessary” scheduled biopsies and to optimize the timing of angiog- 
raphy for transplant CAD detection has been proposed (85). 

OTHER PATHOLOGY RESULTING FROM THERAPY 

Postoperative complications and morbidity from immunosuppres- 
sive agents are addressed in later chapters. Hypertension and renal 
toxicity are the primary CyA therapy complications; the renal changes 
have distinctive morphology (86). Additional CyA pathology may be 
seen as gingival hypertrophy, hirsutism, and hepatotoxicity, including 
cholestasis and gallstone formation. In up to 5% of patients, CyA and 
tacrolimus (Prograf, Fujisawa Healthcare, Deerfield, IL), as calcineurin 
inhibitors, are associated with severe neurologic symptoms including 
seizures, cerebellar ataxia, psychosis, and leukoencephalopathy (87). 
The osteoporosis, avascular necrosis, delayed wound healing, hyperlipi- 
demia, hypertension, and obesity generated by corticosteroid therapy 
make significant contributions to posttransplant morbidity. 
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INTRODUCTION 

The transition out of the operating room (OR) and into the intensive 
care unit (ICU) begins the process of caring for the newly transplanted 
heart. This chapter discusses two distinct aspects of this care: immediate 
postoperative management, where attention is directed to recovery from 
the operative procedure, and extended posttranspiant care with a focus 
on immunosuppression, suggested biopsy regimens, and strategies to 
prevent transplant allograft vasculopathy. 

POSTOPERATIVE MANAGEMENT 

Hemodynamic Monitoring and Support 

The newly transplanted heart faces numerous hemodynamic chal- 
lenges in the first postoperative days. These include vasodilatory 
hypotension, allograft dysfunction, right heart failure (RHF), and sinus 
node dysfunction. To ensure successful allograft function, it is critical 
that continuous patient monitoring be provided in an ICU staffed by an 
experienced team that is familiar with transplant patient care. All patients 
should have a pulmonary artery (PA) catheter and an indwelling arterial 
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line placed. This allows for adequate monitoring of systemic and PA 
pressures as well as a left atrial pressure assessment (through wedge 
pressure measurement). 

Adjustments in both positive-inotropic and pressor support can be 
guided by a continuous cardiac performance assessment. Generally, a 
slow taper of support begins with vasoconstrictor removal, followed by 
a reduction in the dose of inotropic drugs. In general, the authors prefer 
to continue an infusion of dobutamine or milrinone (Primacor, Sanofi 
Winthrop, New York, NY) for at least 48 h to allow enough time for the 
sinus node and ventricles to recover from ischemic injury. As long as 
patients are otherwise hemodynamically stable, they may be moved out 
of the ICU to a step-down floor with continuous telemetry monitoring 
and have the medication weaned there. 

Respiratory and Ventilatory Management 

Although chronic heart failure can produce deleterious changes in the 
diaphragm and respiratory muscles, most patients can be weaned suc- 
cessfully from the ventilator and extubated within the first 24 h 
posttransplant. Early extubation is encouraged for all patients to mini- 
mize the risk of infection from ventilator-associated pneumonia and 
obligatory indwelling catheters. In prolonged intubation cases, consid- 
eration must be given to performing a tracheostomy. It is our practice to 
avoid this where possible because of the tracheostomy ’ s proximity to the 
sternal wound and the increased infection risk in the setting of immuno- 
suppression. 



Infection Prevention 

Antibiotics are used routinely to prevent surgical wound infections. 
The usual regimen employs an agent active against Gram-positive cocci, 
usually a first-generation cephalosporin such as cefazolin. Vancomycin 
is given to penicillin-sensitive patients. These antibiotics are given only 
for the first 24 h. Additional nonpharmacologic approaches to minimize 
perioperative infection risk include strict hand washing, reverse infec- 
tion control measures, and the prompt removal of indwelling lines and 
support tubes when deemed appropriate. 

Discharge Planning and Patient Education 

Discharge planning begins soon after the patient is transferred out of 
the ICU and onto the floor. There, the patient begins a cardiac rehabili- 
tation program under the care of specially trained physical therapists. 
This also allows time for transplant team members to meet with patients 
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and their families; they are given personal instruction about their 
medications including indications, dosing regimens, and potential side 
effects. 

Our nurses also provide in-depth counseling about the lifestyle 
changes that are required following heart transplantation, including the 
need to adopt a heart-healthy diet that is low in saturated fat and salt. 
Patients are advised to limit caloric intake and are strongly encouraged 
to begin a daily exercise program to promote physical and mental well- 
being. By the time patients are discharged, they should have a clear 
understanding of their medical regimen, follow-up appointments, and, 
most importantly, how to contact the transplant program should ques- 
tions or an emergency arise. 

The first biopsy is planned for postoperative d 7. A biopsy result of 
International Society for Heart and Lung Transplantation (ISHLT) grade 
0 or 1 A is required before the patient is suitable for discharge. Low-grade 
or moderate rejection (ISHLT IB or 2) usually is treated with intensifi- 
cation of the immunosuppression regimen. Patients with compromised 
hemodynamics remain in the hospital and receive intravenous therapy. 
Those with more severe rejection grades, irrespective of hemodynamics, 
receive either intravenous methylprednisolone or an appropriate rescue 
agent. When patients have a therapeutic level of a calcineurin inhibitor 
and demonstrate compensated hemodynamics, they are released from 
the hospital. 



POSTOPERATIVE COMPLICATIONS 
Vasodilatory Hypotension 

Vasodilatory hypotension is frequently encountered following heart 
transplant operations. One mechanism underlying this loss of vascular 
tone includes the common preoperative use of angiotensin-converting 
enzyme (ACE) inhibitors, amiodarone, and vasodilatory inotropic drugs 
(inodilators) such as milrinone (1). Sometimes, vasodilation is the 
manifestation of a systemic inflammatory response following cardiop- 
ulmonary bypass with membrane oxygenation resulting from inflamma- 
tory cytokine activation (2). Vasodilation may also result from a 
baroreflex-mediated depletion of arginine vasopressin (A VP) (3,4). 
Although most patients with congestive heart failure, especially those in 
cardiogenic shock, have elevated levels of endogenous AVP, low AVP 
levels have been documented in patients with decompensated heart fail- 
ure (5). It is suggested that excess preoperative, baroreflex-mediated 
release of vasopressin could expedite the depletion of endogenous AVP 




126 



Chapter 7 / Posttransplant Management 



stores in response to an acute stimulus (such as cardiopulmonary bypass) 
and, thereby, precipitate vasodilatory hypotension (6). 

Vasopressor catecholamines, such as norepinephrine, are the main- 
stay of postcardiotomy vasodilation treatment, but the effectiveness of 
these drugs is limited both by the frequency of catecholamine resistance 
and by significant toxicity at higher doses. In several studies, AVP 
infusion at doses ranging from 2 to 6 U/h had a dramatic effect in patients 
with postcardiotomy shock following cardiac transplant surgery or left 
ventricular assist device (LVAD) implantation (7,8). In those studies, 
patients receiving norepinephrine who had persistent refractory 
hypotension (defined as a mean arterial pressure less than 60 mmHg) 
experienced an increase in systemic blood pressure after receiving vaso- 
pressin that was great enough to reduce, and eventually terminate, 
norepinephrine infusion. The increase in systemic pressure was not pro- 
duced at the expense of constriction of other vascular beds; indeed, no 
increase in PA pressure was demonstrated, thereby supporting the belief 
that there is an absence of vasopressin receptors in the pulmonary vas- 
cular bed. These qualities make vasopressin particularly useful in the 
transplant population, in which RHF and pre-existing pulmonary hyper- 
tension can be exacerbated by catecholamine-induced pulmonary vas- 
cular constriction. 

Treatment with vasopressin also obviates the need for an indwelling 
left atrial catheter, which was advocated as a means of facilitating vaso- 
pressor catecholamine infusion directly into the systemic circulation and 
bypassing the pulmonary vascular bed. Vasopressin does not compro- 
mise renal function. Unlike catecholamine receptors, which are concen- 
trated primarily in the afferent arteriole and produce a decline in filtration 
fraction when stimulated, vasopressin receptors are concentrated on the 
efferent arteriole (9) and, therefore, increase filtration fraction and spare 
renal perfusion when stimulated. The end result is that vasopressin helps 
preserve, and in some cases increase, the volume of urine output. 

Acute Allograft Dysfunction 

Acute postoperative allograft dysfunction is a significant clinical 
problem that accounts for 30% of early posttransplant deaths (10). The 
causes of acute allograft dysfunction include ischemia-reperfusion 
injury, problems with preservation, prolonged ischemic time (particu- 
larly in excess of 4 h), and unrecognized or underappreciated donor heart 
dysfunction. Myocardial dysfunction occurs, to some degree, in all brain- 
dead organ donors and is so severe in approx 20% of cases that it pre- 
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eludes organ donation ( 11 ). Whereas contraction band necrosis is seen in 
the hearts of brain-dead donors, a recent study suggested that the acute 
myocardial dysfunction in these patients arises from increased activity of 
inhibitory G proteins that impair myocardial contractility ( 12 ). Hyperacute 
rejection (perhaps the most feared cause of postoperative allograft dys- 
function) is a risk in patients with an elevated panel reactive antibody 
pretransplant because of the presence of preformed antibodies to human 
leukocyte antigens (HLA); however, prospective cross-matching virtu- 
ally eliminates this possibility. 

Allograft dysfunction may be detected by several modalities, begin- 
ning with intraoperative transesophageal echocardiography (TEE). A 
need for multiple inotropic agents to wean the patient from cardiopulmo- 
nary bypass, or an early decline in PA saturation or thermodilution 
cardiac output in the ICU, also suggests allograft dysfunction. 

Electrocardiograms (EKGs) should be obtained in all patients arriving 
in the ICU and should be repeated daily. A loss of QRS voltage may be 
a harbinger of acute rejection. Widespread ST-segment elevation may 
be seen in a pattern suggestive of acute pericarditis; however, localized 
ST-segment elevation may be an indication of focal injury. Air embo- 
lism down the right coronary artery may produce ST-segment elevation 
in the inferior leads with other indicators of right ventricular dysfunc- 
tion. Typically, these findings are transient and usually resolve over a 
few hours without any negative sequelae. Rarely, ST-segment elevation 
is a sign of infarction from donor-transmitted coronary artery disease 
(CAD) or a manifestation of severe rejection. 

Dobutamine or milrinone infusions are almost always sufficient treat- 
ment for lesser degrees of allograft dysfunction. Some patients require 
a slower taper of these drugs after discharge from the ICU, but most 
donor hearts recover without substantial long-term sequelae. More 
severe degrees of dysfunction from either poor preservation or acute 
rejection require mechanical support with the use of intra-aortic balloon 
counterpulsation, placed in the OR, to facilitate weaning from cardiop- 
ulmonary bypass. Finally, in rare instances, tbe implantation of a LVAD 
or biventricular assist device is necessary to provide full support until 
recovery from preservation injury occurs. Patients who can successfully 
be weaned from the device have a survival rate similar to the general of 
transplant recipient population ( 13 ). Patients who fail to wean from these 
devices have a uniformly fatal outcome; often, they succumb to multi- 
system organ failure and generally are not acceptable retransplantation 
candidates. 
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Right Heart Failure 

RHF is a frequent complication of cardiac transplantation. The thin- 
walled right ventricle (RV) is particularly vulnerable to both ischemic 
and reperfusion injury (14). Poor preservation may also occur because 
of the difficulties of perfusing the RV with preservation solution. Many 
transplant recipients have pre-existing pulmonary hypertension. When 
faced with such afterload mismatch, the donor heart may strain and 
acutely fail. Inotrope infusions support the failing RV, which may require 
as long as 2-A wk to adapt. Multiple blood product infusions, including 
packed red blood cells and fresh frozen plasma, may exacerbate an 
already fully loaded RV. In the face of this additional preload, ventricu- 
lar function may deteriorate, and thromboxane release may worsen pul- 
monary hypertension. Transplantation of a smaller donor heart into a 
larger recipient, so-called donor-recipient mismatch, predisposes to RV 
dysfunction more than to left ventricle (LV) dysfunction. 

RHF should be suspected when the central venous pressure (CVP) is 
elevated and the cardiac output is low. Transthoracic echocardiography 
may not offer adequate RV visualization in postoperative patients 
because of an inability to obtain sufficient echocardiographic windows 
or position the patient properly; thus, TEE is usually preferred in 
intubated patients. 

Recipients with pulmonary hypertension and low cardiac outputs may 
be treated with inhaled nitric oxide to lower pulmonary pressures and 
unload the RV (15). Inotropic support with milrinone is preferred to 
dobutamine, because the former is more effective in dilating the 
pulmonary vascular bed. Attempts to remove fluid should be made with 
diuretic agents or continuous veno-venous hemofiltration (CVVH) to 
reduce RV preload. A Swan-Ganz catheter is particularly helpful to 
guide fluid management and accurately measure CVP and RV hemody- 
namics. 



Atrial and Ventricular Arrhythmias 

Sinus bradycardia is the most commonly encountered arrhythmia after 
heart transplant surgery. Realizing that the denervated heart has a resting 
rate of 90-115 beats per minute (bpm), rates slower than this are 
inappropriately low and arise commonly because of sinoatrial (SA) 
node ischemia or preoperative use of animodarone. The use of bicaval 
anastamoses significantly reduces the incidence of sinus node dys- 
function, likely from reduced trauma to the SA node. In the past, 
isoproterenol was used commonly to maintain heart rate, but it is rarely, 
if ever, used now, having been replaced by temporary epicardial pacing. 
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We recommend pacing at 100 bpm, especially in patients with allograft 
dysfunction. Pacing wires should remain in place until all chronotropic 
agents are weaned off to ensure that sinus node dysfunction is not 
present. 

Atrial arrhythmias are seen uncommonly in transplant patients, but 
the presence of atrial fibrillation or atrial flutter may be a harbinger of 
acute allograft rejection ( 16 ). Rarely, ventricular tachyarrhythmias are 
seen. Unlike atrial arrhythmias, which are suggestive of rejection, 
ventricular arrhythmias are usually a marker of myocardial ischemia and 
CAD (although they may also be present in the setting of severe rejec- 
tion). Transplantation of donor hearts with pre-existing conduction 
abnormalities has occurred. In one report, three donor hearts were 
discovered, posttransplant, to have underlying conduction system dis- 
ease, including one with AV nodal re-entrant tachycardia, one with 
Wolf-Parkinson-White syndrome, and one with atrial flutter (77). All 
were successfully treated with catheter ablation. 

Postoperative Renal Failure 

Renal dysfunction is a frequent perioperative complication occurring 
in almost half of all heart transplant recipients. Postoperative renal fail- 
ure is usually a consequence of ischemic injury resulting from aortic 
cross-clamping, thromboemboli, or perioperative hypotension. Renal 
failure may lengthen hospital stay and increase posttransplant mortality. 
In our experience with older recipients, those who experienced a post- 
operative rise in creatinine above 2.5 mg/dL had an increased incidence 
of sternal wound infection, longer ventilatory support times, and pro- 
longed ICU and hospital stays ( 18 ). 

Because of pre-existing heart failure, many patients are volume-over- 
loaded at the time of heart transplantation. Blood product infusions 
during the operation only add to this volume load. Often, most patients 
“auto-diurese” once the kidneys enjoy a normal cardiac output and begin 
to regulate volume status. Others, particularly those with underlying 
renal dysfunction, require intermittent treatment with a loop diuretic to 
remove excess fluid volume. The introduction of calcineurin inhibitors 
and the addition of corticosteroids may result in additional fluid reab- 
sorption in the early postoperative period, further necessitating diuretic 
use. Those patients with reduced urine outputs may not be able to match 
their obligatory inputs while they receive inotropes, pressors, and blood 
products. These patients require mechanical renal replacement therapy. 
In this situation, CVVH allows for removal of large volumes of fluid and 
may facilitate renal recovery. 
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The presence of a rising creatinine can delay cyclosporine (CyA) 
administration; CyA is a vasoconstrictor and nephrotoxic drug. Induc- 
tion therapy with daclizumab can safely allow the delayed introduction 
of CyA a few days after heart transplantation. For many, this extra time 
allows renal function to recover enough to tolerate the initiation of CyA. 
For those patients in whom prompt renal recovery appears unlikely, 
cytolytic therapy with OKT3 needs to be given. Because of the risk of 
cytokine release and capillary leak syndrome, such patients must remain 
euvolemic, even if this requires CVVH. 

Unfortunately, many heart transplant recipients, particularly those 
who are hypertensive, have an impaired ability to effectively regulate 
salt and water balance after transplant. These patients have a blunted 
diuretic and natriuretic response to volume expansion that may be 
mediated by a failure to suppress fluid regulatory hormones such as atrial 
natriuretic peptide and angiotensin II ( 19 ). In these patients, salt-sensi- 
tive hypertension can be treated with loop diuretics and may be amelio- 
rated by treatment with an ACE inhibitor ( 20 ). 

EXTENDED POSTTRANSPLANT MANAGEMENT 
Routine Immunosuppression 

The introduction of CyA in the 1980s revolutionized transplantation 
by greatly reducing the incidence of acute rejection and improving sur- 
vival. CyA remains the cornerstone of a three-drug immunosuppressive 
regimen, but the development of newer drugs allows for some flexibility 
and individualization of therapy. Like most, our regimen includes a 
calcineurin inhibitor (CyA or tacrolimus) in combination with an 
antimetabolite (mycophenolate mofetil [MMF] or azathioprine) and 
prednisone. Occasionally, rapamycin is administered in combination 
with a lower dose of a calcineurin inhibitor, as the combination may have 
a renal-sparing effect. Immunospuppression begins preoperatively with 
the oral administration of azathioprine (4 mg/kg), followed by methyl- 
prednisolone (500 mg) in the OR, usually after the patient is weaned 
from cardiopulmonary bypass. An overview of the most commonly pre- 
scribed immunosuppressive drugs and a typical schedule for mainte- 
nance immunosuppression used at Columbia-Presby terian are presented 
in Tables 1 and 2, respectively. 

Induction therapy with monoclonal or polyclonal antibodies has met 
with varied success in preventing acute rejection episodes. Allograft 
rejection only appears to be delayed by their use, and the generalized 
immunosuppression they induce inscreases posttransplant complication 
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risks, including opportunistic infection and the development of 
posttransplant lymphoproliferative disorder (PTLD). Daclizumab 
(Zenapax, Hoffman-LaRoche, Nutley, NJ) is a humanized monoclonal 
antibody that binds to activated interleukin (IL)-2 receptors. It is 
administered on postoperative d 1 and at 2-wk intervals for a total of five 
doses. It is given intravenously (1 mg/kg) over 15 min without the need 
for premedication. 

Daclizumab’ s use as induction therapy for cardiac allograft recipients 
was tested in a single-center study conducted at Columbia-Presbyterian 
( 21 ). Daclizumab reduced both the severity and frequency of cardiac 
allograft rejection during the induction period and increased the time to 
a first rejection episode. Its administration was not associated with any 
short-term adverse reactions such as allergy, cytokine release, or 
myalgias. Similarly, there was no increase in the rates of infection or 
cancer in daclizumab-treated patients. Although this study was not pow- 
ered to detect a survival difference, a multicenter trial will be completed 
soon and will provide further information regarding the safety and effi- 
cacy of daclizumab. Studies with basiliximab (Simulect, Novartis, East 
Hanover, NJ), another IL-2 monoclonal antibody, are ongoing. 

In addition to receiving daclizumab, patients on postoperative d 1 
begin to receive tapering doses of intravenous methylprednisolone and 
MMF (1500 mg) twice daily (bid). Oral prednisone is substituted for 
methylprednisolone when the patient is extubated and tolerating clear 
liquids, and MMF can be given orally at this time. 

CyA is the most frequently used immunosuppressive agent at most 
cardiac transplant centers. Its major immunosuppressive effect is to 
inhibit the production of IL-2 and other cytokines by activated lym- 
phocytes. CyA binds to cyclophilin in the cytoplasm of T lymphocytes, 
and this complex then binds to and inhibits calcineurin, a calcium 
calmodulin-dependent phosphatase responsible for intracellular calcium 
signaling. Interruption of this signal prevents IL-2 gene transcription 
and, therefore, IL-2 production. CyA affects T helper and cytotoxic T 
cells but has little or no effect on suppressor T cells. The drug is metabo- 
lized by cytochrome P450 3A4, located in the liver and along the gas- 
trointestinal tract. Approximately 5-10% of the parent compound is 
excreted unchanged in the urine. CyA has a half-life of 19 h. 

Different formulations of CyA are supplied for both intravenous and 
oral administration. When given intravenously, CyA is mixed in a 1 : 1 
concentration in either normal saline or 5% dextrose and infused con- 
tinuously. CyA (Sandimmune, Novartis, East Hanover, NJ) for oral use 
is provided in liquid (100 mg/mL) and capsule form and is administered 
two or three times daily. Neoral (Novartis, East Hanover, NJ) is a 
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Table 3 



Target Whole Blood CyA** Levels 



Time posttransplant 


CyA^ level (ng/mL) 


0-1 mo 


300-350 


1-6 mo 


250-350 


6-12 mo 


150-250 


> 12 mo 


100-150 


^Cyclosporine 



microemulsion formulation of CyA that has improved absorption and 
bioavailability and is given in two daily doses; it is the preferred formu- 
lation at the authors’ center. 

The method by which CyA is administered to patients varies at differ- 
ent transplant centers. Some choose to begin a continuous CyA infusion 
immediately after transplant. This method allows for the prompt initia- 
tion of potent immunosuppression, with an ability to titrate the dose 
based on whole blood levels, but must be tempered by renal function. A 
typical continuous infusion begins at 0. 5-1.0 mg/h and is adjusted 
accordingly. When converting to oral CyA, approximately three times 
the total daily intravenous dose is given. 

Other providers adopt a different approach toward initiating CyA, 
delaying the drug’s initiation a couple of days. This is accomplished by 
using induction therapy, such as with daclizumab. In such a scenario, one 
can administer CyA on postoperative d 2 or 3, when renal function has 
recovered and the patient can begin enteral nutrition. In the early 
posttransplant period, CyA is administered to achieve a trough whole 
blood level of 300-350 ng/mL (usually in the range of 3-8 mg/kg/d). 
Target levels decrease with time as rejection risk begins to taper. The 
levels the authors aim for are 250-350 in the first 6 mo, 150-250 in mo 
6-12, and 100-150 long-term (see Table 3). 

CyA produces many side effects, including nephrotoxicity, hyperten- 
sion, hypertrichosis, gingival hyperplasia, tremor, and seizures. Serum 
levels of CyA are affected by many medications (see Table 4). Those that 
elevate serum levels are drugs that inhibit its metabolism through the 
cytochrome P450 system, such as erythromycin, fluconazole, and 
amiodarone. Diltiazem is prescribed at many centers, because it not only 
treats the hypertension that is present in as many as 80% of CyA-treated 
patients but also helps raise CyA levels so that the required daily Neoral 
or Sandimmune dose is lowered, thereby saving money. Drugs that 
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Table 4 



Common Drug Interactions With Cyh“ 



Increase CyA^ levels 


Decrease CyA^ levels 


Diltiazem 


Ethanol 


Amiodarone 


Phenobarbital 


Ciprofloxacin 


Phenytoin 


Ketoconazole 


Rifampin 


Fluconazole 


Isoniazid 


Erythromycin 


Cholestyramine 


Verapamil 


Carbamazepine 


Cimetidine 




Nicardipine 




Metoclopromide 





"Cyclosporine 



induce hepatic enzymes (e.g., ethanol, phenytoin, phenobarbital, and 
rifampin) increase the CyA clearance and lower serum levels. 

Tacrolimus (FK-506, Prograf, Fujisawa, Deerfield, IL) is a newer 
immunosuppressive drug that was introduced in the late 1980s as a 
replacement for CyA in liver transplant recipients . Like CyA, tacrolimus 
is acalcineurin inhibitor that blocks IL-2 production. Unlike CyA, which 
binds to cyclophilin, tacrolimus binds to FKBP- 1 2, which, in turn, blocks 
calcineurin-dependent calcium signaling. Studies and clinical experi- 
ence demonstrate tacrolimus to be an effective substitute for CyA when 
treating refractory rejection ( 22 ). Other small studies support its initial 
use in lieu of CyA ( 23 , 24 ). The major advantage of tacrolimus over CyA 
is the lesser degree of hypertension and hyperlipidemia. Some prescrib- 
ers prefer its use in women for cosmetic reasons, because it produces less 
hirsutism and gingival hyperplasia. Although tacrolimus is associated 
with a worsening of glycemic control, later studies have not supported 
this finding. As with CyA, the major side effect is nephrotoxicity, the 
mechanism of which is not fully known. 

Tacrolimus is supplied both for intravenous and oral administration. 
When given intravenously, an initial dose of 0.01-0.05 mg/kg/d is 
infused continuously and adjusted to achieve a level around 1 5-20 ng/mL. 
Tacrolimus is administered orally bid, with typical maintenance doses 
ranging from 2 to 8 mg bid. Doses are adjusted to achieve the trough 
levels listed in Table 5. 

The second of a three-drug regimen usually consists of an anti- 
proliferative drug such as MMF (Cellcept, Hoffman-LaRoche, Nutley, 
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Table 5 



Target Trough Tacrolimus Levels 



Time posttransplant 


Tacrolimus level (ng/mL) 


0-1 mo 


15-20 


1-6 mo 


12-15 


6-12 mo 


8-12 


> 12 mo 


5-10 



NJ) or azathioprine (Imuran, Faro, Houston, TX). In our center, MMF 
has essentially replaced azathioprine as the drug of choice. This decision 
is supported by the results of a large multicenter clinical trial that ran- 
domized 650 patients to receive standard immunosuppressive therapy 
with Cy A and corticosteroids in addition to either MMF or azathioprine 
(25). In that trial, the group receiving MMF experienced a significant 
reduction in both mortality and hemodynamically significant rejection 
in yr 1 of follow-up, as well as a trend toward a lesser incidence of severe 
(grade 3 A or greater) rejection. Opportunistic infections were seen 
more commonly in patients receiving MMF, but most of these infections 
resulted from either herpes simplex virus (HSV) or herpes zoster and 
were not life-threatening. 

MMF is a prodrug that is rapidly hydrolyzed to mycophenolic acid 
(MPA) following ingestion. MPA is a selective, noncompetitive, revers- 
ible inhibitor of inosine monophosphate dehydrogenase, an enzyme 
involved in the de novo pathway of purine biosynthesis. Unlike other 
marrow-derived and parenchymal cells that use the hypoxanthine-gua- 
nine phosporibosyl transferase (salvage) pathway, activated lympho- 
cytes rely predominantly on the de novo pathway to recycle purine 
nucleotides. By selectively targeting lymphocyte proliferation, MPA is 
less likely to produce neutropenia and anemia than is azathioprine, which 
affects the proliferation of all dividing cells. The most frequently 
encountered side effect of MPA is gastrointestinal upset, which is some- 
times ameliorated by reducing the dose. 

MMF is administered commonly at a fixed dose of 1 .0 or 1 .5 g bid. 
This dosing fails to consider MPA’s significant interpatient pharmaco- 
kinetic variability. Recent studies demonstrate a significant relationship 
between MPA area under the concentration-time curve (AUC) and the 
risk for rejection and, in some studies, the risk for hematologic side 
effects (26,27). The ability to measure MPA levels routinely could help 
clinicians optimize MMF dosing, but this is hindered by the lack of a 
widely available assay and the need to draw multiple samples over time 
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Table 6 

Corticosteroid Taper- 1 


Time 


Methylprednisolone 


Prednisone 


Intraoperatively 


500 mg IV once 


— 


PODO 


125 mgIVqSh 


— 


POD 1 


40 mg IV bid 


50 mg PO bid 


POD 2 


36 mg IV bid 


45 mg PO bid 


POD 3 


32 mg IV bid 


40 mg PO bid 


POD 4 


28 mg IV bid 


35 mg PO bid 


POD 5 


24 mg IV bid 


30 mg PO bid 


POD 6 


20 mg IV bid 


25 mg PO bid 


POD 7 


16 mg IV bid 


20 mg PO bid 


POD 8-14 


12 mg IV bid 


15 mg PO bid 



Abbreviations: POD, postoperative day; IV, intravenous; PO, by mouth; bid, 
twice daily; q, every. 



to determine the AUC. Unfortunately, predose trough MPA levels and 
free MPA levels, both of which would be easier to obtain, are noisier and 
correlate poorly with MPA AUC values (27). 

Corticosteroids have been used in clinical transplantation since the 
first organ transplants in the 1960s. Their effects on the immune system 
are complex but relate mostly to their ability to decrease cytokine pro- 
duction including IL-1, IL-2, tumor necrosis factor-a and interferon-a. 
Innumerable dosing strategies exist for corticosteroid use. At the 
authors ’center, methylprednisolone is first administered as a 500 mg IV 
bolus as the patient is weaned from cardiopulmonary bypass. Three 
additional 125 mg IV doses are given in postoperative d 1 before a 
standardized taper begins (see Table 6). Oral prednisone is substituted 
for methylprednisolone when the patient is able to take oral medications. 

Corticosteroids have numerous troublesome side effects: they worsen 
glycemic control, increase serum lipids, and stimulate appetite, allowing 
some patients to become obese. They have profound effects on bone 
absorption that can result in osteoporosis and a susceptibility to frac- 
tures. Avascular necrosis of the hips and shoulders from steroid use 
necessitates joint replacement surgery in some patients. Other debilitat- 
ing side effects include cataract formation, colonic perforation, and, 
especially with higher doses, mood disorders such as psychosis. Moti- 
vated to limit these toxicides, many centers attempt to wean patients 
entirely off corticosteroids after 6-12 mo (see Table 7). Historically, 
fewer than 20% of patients can be maintained on a steroid-free regimen. 
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Table 7 



Corticosteroid Taper-2 



Time posttransplant 


Prednisone dose (mg) 


2 wk 


15 mg bid 


3 wk 


12.5 mg bid 


4 wk 


10 mg bid 


1.5 mo 


7.5 mg bid 


2 mo 


5 mg bid 


3 mo 


7.5 mg qd 


4 mo 


5 mg qd 


5 mo 


4 mg qd 


6 mo 


3 mg qd 


8 mo 


2 mg qd 


10 mo 


1 mg qd 


12 mo 


0 


Note: The steroid taper is slowed in those patients with severe 
rejection, multiple moderate rejection episodes, or a rejection 
episode with hemodynamic compromise. Despite attempts to 
withdraw all corticosteroids, most patients require low-dose 


prednisone indefinitely. 





Abbreviations: bid, twice daily; qd, daily. 



as most experience recurrent rejection. We feel that it is acceptable for 
those patients who remain clinically stable and rejection free to remain 
off corticosteroids. 

Rapamycin (sirolimus, Rapamune, Wyeth- Ayerst, Philadelphia, PA) 
is a newer immunosuppressive drug that has the unique feature of being 
a potent inhibitor of vascular smooth muscle cell proliferation and 
migration. In both animal models and clinical trials, rapamycin-coated 
stents have prevented in-stent restenosis (28). Based on these inhibitory 
properties, rapamycin appears to be an ideal drug to treat and prevent 
transplant coronary artery disease (TCAD), which continues to limit the 
long-term survival of heart transplant recipients. Preliminary results 
from a multicenter trial using everolimus (SDZ-RAD, Novartis, East 
Hanover, NJ), a derivative of rapamycin, in de novo heart transplant 
recipients demonstrate a reduction in both allograft rejection and intimal 
thickening of the coronary arteries in the first year of follow-up (29). In 
a single-center study involving patients with established TCAD, rapam- 
ycin slowed disease progression and reduced the clinical endpoints of 
death, myocardial infarction, and need for revascularization (30). In that 
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trial, rapamycin had no effect on the production of anti-HLA antibodies, 
leading the authors to conclude that rapamycin ’s beneficial effect on 
stabilizing transplant vasculopathy is attributable more to its antipro- 
liferative properties than its immunosuppressant effects. 

Rapamycin has a mechanism of action that is distinct from the 
calcineurin inhibitors. Unlike CyA and tacrolimus, rapamycin does not 
inhibit IL-2 production from antigen-induced T-cell activation; rather, 
it prevents cellular proliferation in response to allo-antigens. Rapamycin 
binds to FK506-binding protein 12 (FKBP12), and, in turn, this dimeric 
molecule inhibits the mammalian target of rapamycin (mTOR) and 
upregulates the cyclin-dependent kinase inhibitor p27'^'P ' , thereby inhib- 
iting cell-cycle progression at the Gl-S phase (28). Because rapamycin 
inhibits the cell cycle through a mechanism distinct from the calcineurin 
inhibitors, when combined, these drug classes work synergistically. 

Generally, rapamycin is reserved for one of two clinical situations: (a) 
for the treatment of patients with established TCAD and (b) for those 
with advanced renal insufficiency induced by calcineurin inhibitors. In 
the first scenario, rapamycin is given as a loading dose of 6 mg and 
continued at 2-5 mg/d to achieve trough levels of 5-10 ng/mL. Higher 
levels (up to 15-20 ng/mL) are sometimes recommended when used 
within the first 6 mo of transplant. When adding rapamycin, it is impor- 
tant to reduce the CyA dose by half and to discontinue azathioprine or 
MMF. Rapamycin should be given several hours after CyA to reduce 
additive nephrotoxicity risk. Alternatively, rapamycin may be substi- 
tuted for calcineurin inhibitors to limit nephrotoxicity. However, 
rapamycin should be used cautiously in acute renal failure, because it 
can impair recovery from acute tubular necrosis and induce apoptosis in 
renal tubular cells (31). Side effects that are commonly seen with 
rapamycin include hyperlipidemia, thrombocytopenia, fluid retention, 
and an increased susceptibility to infection. 

Detection and Treatment of Allograft Rejection 

Acute heart rejection is a major cause of posttransplant morbidity and 
mortality. Despite the effectiveness of current immunosuppressive strat- 
egies, greater than 60% of patients experience at least one rejection 
episode within the first year of transplantation, with approx 5% of these 
rejection episodes accompanied by severe hemodynamic compromise 
(32). Factors associated with an increased rejection risk include young 
recipient age, female donor, and female recipient (33). A greater number 
of rejection episodes in the first year also increases recurrent rejection 
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Fig. 1. Hazard function for initial rejection episode after heart transplantation. 
The greatest risk for experiencing a first rejection episode is in the first 2 mo 
following transplantation, then decreases rapidly by the end of yr 1 , but never 
becomes zero. Reproduced with permission from ref. 34. 



riskf 34 ). The chance of experiencing a first rejection episode, expressed 
as a hazard ratio, is highest in the first 1-2 mo after transplant, then 
decreases rapidly by the end of yr 1 but never becomes zero (Fig ,l)(34). 
Also, the cumulative risk of rejection is greatest within 1 yr and increases 
asymptotically over time without plateauing (Fig. 2) (34). 

The clinical manifestations of rejection can be subtle, and patients 
frequently remain entirely asymptomatic. Constitutional symptoms 
including fever, malaise, and lethargy may be seen but are nonspecific. 
When rejection is associated with a compromise in cardiac allograft 
function, an S3 or S4 gallop may be auscultated and the neck veins may 
be distended. Echocardiography can help document diminished ventri- 
cular function. As noted previously, the new onset of atrial arrhythmias — 
particularly atrial fibrillation or flutter — often correlates with rejection 
episodes, whereas ventricular arrhythmias do not unless accompanied 
by severe hemodynamic compromise (16). Other clues to the presence 
of rejection include a reduction in QRS voltage on the EKG (perhaps as 
a result of myocardial edema) and the new ability to control hypertension 
that was previously refractory to medical therapy. 
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Fig. 2. Cumulative frequency distribution of the mean rejection episodes per 
patient after heart transplantation. Vertical bars represent the 70% confidence 
limits. Reproduced with permission from ref. 34. 



Table 8 



Columbia-Presbyterian 


Biopsy Schedule 


Time posttransplant 


Frequency 


1 mo 


Weekly 


2 mo 


Biweekly 


3-6 mo 


Monthly 


7-12 mo 


Every 2 mo 


12-18 mo 


Every 3 mo 


^ 19 mo 


Every 6-12 mo 



Because most rejection episodes are clinically silent, endomyocardial 
biopsy is essential to detect acute allograft rejection. Despite its 
invasiveness, endomyocardial biopsy can be performed safely with 
minimal patient discomfort. The biopsy schedule followed by the 
authors’ center attempts to match the frequency of biopsies with the 
rejection risk {see Table 8). As such, biopsies are performed more fre- 
quently in the first weeks and months after transplant, becoming no more 
frequent than once or twice annually later after transplant. Biopsy speci- 
mens are graded according to the standardized scale adopted by the 
ISHLT {see Table 9) (35). 
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Table 9 

Standardized ISHLT** Cardiac Biopsy Grading Scale (35) 

Grade Description 
0 No rejection 

1 A Focal perivascular or interstitial infiltrate without necrosis 

IB Diffuse but sparse infiltrate without necrosis 
2 One focus only with aggressive infiltration and/or focal myocyte 

damage 

3A Multifocal aggressive infiltrates and/or myocyte damage 

3B Diffuse inflammatory process with necrosis 

4 Diffuse aggressive polymorphous infiltrate, with or without edema, 

hemorrhage, or vasculitis; with necrosis 

‘^International Society for Heart and Lung Transplantation 



Specific treatment algorithms for acute allograft rejection differ 
among centers but usually consist of the administration of oral or intra- 
venous corticosteroids tailored according to the rejection’s severity, its 
impact on hemodynamics, and the time from transplant. The treatment 
algorithm followed by most cardiologists at Columbia-Presbyterian is 
listed in Table 10 and illustrated in Fig. 3. 

Grade 0 and 1 A rejection do not require treatment, whereas most IB 
and 2 biopsies can be treated with an intensification of the immunosup- 
pression regimen (an increase in the dose of the calcineurin inhibitor or 
MMF) or with oral prednisone starting at 100 mg/d followed by a taper 
over 7-10 d to the baseline dose. Symptomatic rejection with evidence 
of hemodynamic compromise is usually treated with intravenous 
methlyprednisolone followed by an oral prednisone taper. Repeat biopsy 
in both instances is performed in 7-10 d. 

Moderately severe rejection (Grade 3 A) may be treated out of hospital 
with high-dose oral or intravenous steroids, provided patients are 
asymptomatic, have normal resting hemodynamics, and are greater than 
3 mo post-transplant. Symptomatic patients with 3 A rejection are treated 
in hospital with intravenous methylprednisolone (1000 mg/d for 3 d) 
followed by a prednisone taper. Repeat biopsy is performed in 1 wk. 
Severe rejections (ISHLT grade 3B or 4) with cytolytic therapy consist- 
ing of either OKT3 or ATGAM. In-patient admission and close attention 
is mandatory, as hemodynamic compromise and circulatory collapse 
progresses rapidly and may require intensive hemodynamic monitoring 
and support. 
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Table 10 



Algorithm for the Initial Treatment of Acute Allograft Rejection 



ISHLT biopsy 
grade 


Time post- 
transplant 


Sypmtomatic 
or impaired 
hemodynamics^ 


Treatment 


Grade 0 or lA 


— 


— 


No treatment 


Grade IB 


< 3 mo 


Absent 

Present 


Optimize immunosuppressive 
therapy^ 

Intravenous methylprednisolone^ 




> 3 mo 


Absent 

Present 


Optimize immunosuppressive 
therapy^ 

PO prednisone^ 


Grade 2 


< 3 mo 


Absent 

Present 


PO prednisone^ 

Intravenous methylprednisolone^ 




> 3 mo 


Absent 

Present 


Optimize immunosuppressive 
therapy^ or PO prednisone^ 
Intravenous methylprednisolone^ 


Grade 3A 


< 3 mo 


Absent 

Present 


Intravenous methylprednisolone^ 
Intravenous methylprednisolone^; 
if severely compromised 
hemodynamics, begin OKT3 or 
ATGAM. 




> 3mo 


Absent 

Present 


PO prednisone^ 

Intravenous methylprednisolone^; 
if severely compromised 
hemodynamics, begin OKT3 or 
ATGAM. 


Grade 3B and 4 






Admit for OKT3. If volume 
overloaded or if anti-OKT3 
antibodies present, then begin 
ATGAM. Consider early 
initiation of plasmapheresis if 
severely compromised hemody- 
namics are present. 



^PA saturation < 50% or low cardiac output with elevated filling pressures 
^Increase calcineurin inhibitor if levels are subtherapeutic; increase mycophenolate mofetil 
to maximum of 1500 mg bid 

intravenous methylprednisolone 1000 mg/d x 3 d followed by 100 mg/d prednisone with 
10 mg/d taper to baseline dose 

^Oral steroid taper e.g., prednisone 100 mg/d x 3 d with 10 mg/d taper to baseline dose 
Abbreviations: PO, by mouth; ATGAM, antithymocyte globulin; PA, pulmonary artery; 
bid, twice daily. 
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Grade 0/1 A ► No Therapy 



Grade lB/2 



Asymptomatic 



Symptomatic 

or _ 

PA Sat < 50% 
or 

<3 months post-txp 



Optimize 

Immunosuppression 
Re-Biopsy 7-14 days 



- Biopsy 
+Biopsy 



IV/po steroids 
Optimize -Bi( 

Immunosuppression 
Re-Biopsy 7-10 days +Bii 



- Biopsy 
+Biopsy 






No Therapy 



Grade 3A 



Grade 3B 



Grade 4 



po steroids 
Optimize 
Immunosupp 
ReBx 7-10 ^ys 



A 



Asymptomatic ^ po steroids 

Optimize 

Immunosuppression 
Re-Biopsy 7-10 days 

Symptomatic 

or Admit 

Asymptomatic ► IV Steroids 

(<3 months post-txp Optimize 

or PA Sat < 50% or Immunosuppression 

PCW>1 5 or C.I. < 2) Re-Biopsy 7-10 days 



- Bx + Bx 




Asymptomatic 

or 

Symptomatic 

(Admit) 



<3A 



- Bx ► Optimize 

Immunosuppression 



Admit ► OKT3 or ATGAM ► - Bx — ► Optimize 

Re-Biopsy 7 days Immunosuppression 

i 

+ Bx ► Photophoresis 

or 

Anti-B cell therapy (Cytoxan) 



Fig. 3. An algorithm for acute cellular rejection management. 



Humoral or antibody-mediated rejection occurs when donor-specific 
antibodies attack the transplanted allograft. As opposed to T-cell-medi- 
ated rejection, humoral (vascular) rejection is a B-cell-mediated process 
that occurs earlier after transplant and is associated with a higher rate of 
graft loss, development of transplant vasculopathy, and decreased long- 
term survival {i6). Light microscopy with hematoxylin and eosin 
staining is insufficient for detecting humoral rejection. Instead, immu- 
nofluorescent staining is required to identify the endothelial deposits of 
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immunoglobulin, complement, and fibrinogen necessary to make the 
diagnosis. 

Because humoral rejection is a B-cell-mediated process, T-cell- 
directed immune suppression is not effective therapy. Currently, stan- 
dard humoral rejection treatment includes high-dose corticosteroids, 
antithymocyte globulin, cyclophosphamide, and plasmapheresis (37). 
More recently, anti-CD20 monoclonal antibody (rituximab, Genentech, 
San Francisco, C A), a chimeric humanized antibody directed against the 
pan-B-cell surface molecule CD20, has been used with some anecdotal 
success. Ultimately, rituximab may provide long-term benefits by elimi- 
nating “memory” B cells and preventing the adverse late sequelae of 
humoral rejection (38). 

Antimicrobial Prophylaxis 

Transplant recipients on immunosuppressive therapy are susceptible 
to infections from a broad range of ordinary and opportunistic patho- 
gens. Prevention strategies aimed at reducing or eliminating the risk of 
life-threatening infection take into account two principal factors: (a) the 
intensity of potential pathogen exposure and (b) the combined effect of 
all factors that contribute to a recipient’s susceptibility to infection, the 
“net state of immunosuppression” (see Table 11) (39). Also taken into 
consideration is the well-recognized time-related nature of infection 
(Figs. 4 and 5). 

This timetable is divided into three distinct segments: early (1 mo 
after transplant), intermediate (1-6 mo), and late (greater than 6 mo). 
Patients in the first month are most susceptible to infection from donor- 
transmitted pathogens as well as nosocomial bacterial and fungal infec- 
tions. Although immunosuppressive therapy is most intense early after 
transplant, opportunistic infections are not commonly seen until after 
this first month. 

During mo 1 through 6, opportunistic infection from Pneumocystis 
carinii, Aspergillus, Cryptococcus and Nocardia may develop. Infec- 
tion symptoms may be minimal, and fever may be suppressed by corti- 
costeroid therapy. A high index of suspicion combined with a careful 
physical examination and chest radiography are critical for disease 
detection. The sustained level of maximal immune suppression in mo 
1-6 places patients at particular risk for infection from reactivation of 
viruses such as cytomegalovirus (CMV), Epstein-Barr Virus (EBV), 
HSV, and hepatitis B (HBV) and hepatitis C viruses. Infection risk 
declines after the sixth month as the dose of corticosteroids and 
calcineurin inhibitors are decreased, although an increased susceptibil- 
ity to common respiratory viruses and bacterial pathogens may persist. 
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Table 11 

Factors Affecting the Net State 
of Immunosuppression in Transplant Recipients 

Immunosuppressive therapy: dose, duration, and temporal sequence 
Underlying immune deficiency: autoimmune disease, functional immune 
deficits 

Integrity of the mucocutaneous barrier: catheters, epithelial surfaces 
Devitalized tissue, fluid collections 
Neutropenia, lymphopenia 
Metabolic conditions 
Uremia 
Malnutrition 
Diabetes 

Alcoholism with cirrhosis 
Infection with immunomodulating viruses 
Cytomegalovirus 
Epstein-Barr virus 
Hepatitis B and C virus 
Human immunodeficiency virus 

Reproduced with permission from ref. 39. 




Fig. 4. Hazard function for first infection from the different classes of microor- 
ganisms. Reproduced with permission from ref. 39a. 





Conventional 

Nosocomial Community-Acquired or 

Infections Unconventional or Opportunistic Infections Persistent Infections 
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Fig. 5. The time-related nature of infection in the transplant recipient. Reproduced with permission 
from ref. 39 . 
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Approximately 10% of patients experience chronic or persistent infec- 
tion from viruses such as CMV, HBV, and EBV (39). Chronic viral 
infection may contribute to the development of certain malignancies. 
EBV infection is associated with PTLD development, particularly among 
patients treated with cytolytic OKT3 therapy, whereas chronic papil- 
lomavirus infection may cause squamous-cell carcinoma. Another 5- 
10% of patients experience recurrent allograft rejection and receive 
augmented corticosteroid therapy or other intensive immunosuppres- 
sive regimens that can render them susceptible to recurrent infection, 
especially from organisms such as Pneumocystis carinii, Aspergillus, 
and Cryptococcus. Ongoing prophylactic trimethoprim-sulfametho- 
xazole (TMP/SMX) use should be considered for these patients. Patients 
should avoid contact with animal droppings and never change cat litter, 
as this is a known vector for the spread of toxoplasmosis. 

Infection from CMV occurs from latent virus reactivation or direct 
donor transmission. The greatest risk of developing CMV disease arises 
in seronegative recipients who lack CMV antibodies and receive an 
organ from a seropositive donor; the infection risk in this instance 
exceeds 50% ( 40). Among seropositive recipients, the incidence of CMV 
illness in the first 120 d following transplantation has been as high as 
46% (41). Clinical manifestations of CMV infection commonly include 
constitutional symptoms of fever, malaise, and a flu-like syndrome. 
When shed in the gastrointestinal tract, CMV classically produces 
profuse, watery diarrhea, occasionally associated with hepatic enzyme 
elevation. Pulmonary infection produces dyspnea and a nonproductive 
cough that is associated with pulmonary interstitial infiltrates. Other 
infection forms include pancreatitis, retinitis, and encephalitis. CMV 
diagnosis is best made by the detection of viremia with polymerase chain 
reaction (PCR) or from the identification of virus in pathologic speci- 
mens (e.g., gastric or colonic biopsy). Leukopenia, thrombocytopenia, 
and atypical lymphocytosis are seen frequently as well. Virus recovery 
from the huffy coat of a spun serum sample is possible but is a less 
sensitive test than PCR. 

CMV has numerous indirect effects on the immune system and 
transplanted allograft. CMV suppresses antigen-specific cytotoxic 
T-lymphocyte function and causes a change in the proportion of T-cell 
subsets f 42). As a result, CMV infection increases the susceptibility to 
infection with other opportunistic pathogens such as Pneumocystis 
carinii, Aspergillus fumigatus, and Candida albicans (42). CMV infefc- 
tion is associated with the development of LV dysfunction (43) and an 
increased incidence of graft atherosclerosis (44). Endothelial cells 
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infected by CMV produce adhesion molecules, such as ICAM-1 (45), 
and inflammatory cytokines that, in turn, upregulate the expression of 
MHC class II antigens and accelerate the pathogenesis of transplant 
vasculopathy (39). Finally, there exists a reciprocal relationship between 
CMV and allograft rejection whereby viral infection may precipitate 
allograft rejection, and rejection episodes, with their associated inflam- 
mation and immunotherapies, increase viral replication and the likeli- 
hood of CMV infection (39). 

CMV disease treatment is best accomplished with a 2-wk course of 
intravenous ganciclovir. Patients intolerant or hypersensitive to 
ganciclovir may be treated with foscarnet (Foscavir, Astra Zeneca, 
Wilmington, DE). As a general rule, intravenous ganciclovir should be 
continued until patients become afebrile with resolution of their symp- 
toms accompanied by elimination of PCR-documented viremia. 

Prophylactic strategies to prevent the onset of CMV disease are 
designed to match a patient’s individual risk. Seronegative patients 
receiving a heart from a seropositive donor are at greatest risk early after 
transplant. Intravenous ganciclovir (5 mg/kg bid) adjusted for creatinine 
clearance is administered within the first few postoperative days. 
Valganciclovir (Valcyte, Hoffman-LaRoche, Nutley, NJ), a newly 
approved oral formulation of ganciclovir, replaces intravenous ganci- 
clovir when patients are tolerating oral medicines; this continues for 
6 mo. Usual maintenance doses are 900 mg/d in patients with preserved 
renal function and 450 mg in those with GFR 20-50 mL/min. Seroposi- 
tive patients receiving a seronegative organ should also receive 
valganciclovir prophylaxis for 6 mo, but half the dose may he sufficient. 
Patients with recurrent disease should be considered for life-long pro- 
phylaxis. 

Pneumocystis carinii is an opportunistic fungus that produces pulmo- 
nary infection in immunosuppressed individuals. The infection risk 
appears to be directly related to the degree of immunosuppression, with 
the greatest risk encountered in the first 6 mo, around the time of a steroid 
pulse for rejection, and following cytolytic OKT3 therapy. Symptoms of 
fever, nonproductive cough, and dyspnea predominate and are occasion- 
ally accompanied by headache and confusion. Although several differ- 
ent patterns are described in chest radiographs, classical Pneumocystis 
carinii pneumonia (PCP) produces interstitial infiltrates in a “bat-wing” 
distribution. Blood gas analysis may reveal hypoxemia and a widened 
A-a gradient. Frequently, serum lactate dehydrogenase is elevated. 
Definitive diagnosis is made by silver staining of the organisms in 
respiratory specimens from expectorated sputum or bronchoalveolar 
lavage. Treatment is with intravenous TMP/SMX. Sulfa-allergic patients 
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receive intravenous pentamidine. A single-strength tablet containing 
80 mg of TMP and 400 mg SMX given daily throughout the first year is 
extraordinarily effective for primary PCP prevention. Patients with 
sulfa allergies receive either dapsone or atovaquone (Mepron, Glaxo- 
SmithKline, Research Triangle, NC). It is generally recommended that 
patients more than 1 yr from transplant receive a short course of TMP/ 
SMX prophylactically around the time of any intensification of immu- 
nosuppression when being treated for allograft rejection. 

Toxoplasma gondii is an intracellular parasite that produces myo- 
carditis and can lead to acute heart failure and death in transplant recipi- 
ents. Seropositive recipients have protective antibodies and are at low 
risk of acquiring donor-transmitted toxoplasmosis or for experiencing 
disease reactivation. However, seronegative recipients of a seropositive 
donor heart are at risk for acute disease and usually receive prophylaxis 
with pyrimethamine 50 mg/d for 6 wk to prevent donor-transmitted 
infection. Folinic acid (leukovorin) (5 mg bid) is co-administered to 
prevent hepatotoxicity. Prophylaxis against PCP with TMP/SMX also 
provides further protection against toxoplasmosis. 

Invasive fungi such as Candida albicans, Aspergillus fumigatus, and 
Cryptococcus neoformans produce life-threatening infection in immuno- 
compromised transplant recipients. The most commonly encountered 
fungal infection is mucosal candidiasis, which can be entirely prevented 
by daily nystatin swish and swallow (Mycostatin, Bristol-Myers Squibb, 
Princeton, NJ) for the first 3 mo posttransplant. Vaginal candidiasis 
(yeast infection) can be successfully eradicated with topical nystatin or 
with a short course of fluconazole (Diflucan, Pfizer, New York, NY), 
though fluconazole raises the serum CyA level. Often, prophylactic 
nystatin is re-administered during intensification of immunosuppres- 
sive therapy or with steroid pulses, as temporary immune system sup- 
pression makes one susceptible to mucosal candidiasis. Pulmonary 
aspergillosis is a dreaded infection in transplant recipients associated 
with significant mortality risk even for patients receiving intravenous 
Amphotericin-B. Prophylaxis with aerosolized Amphotericin-B is pro- 
vided to all patients during any hospitalization within 1 yr of transplan- 
tation. Avoiding construction sites is recommended to reduce the chance 
of acquiring pulmonary disease. 

Varicella-zoster virus reactivates in the setting of immunosuppres- 
sion, causing painful shingles episodes. Treatment with acyclovir can 
shorten the course of infection, but analgesics are often required to con- 
trol herpetic neuralgia. Transplant patients are counseled to avoid direct 
contact with other individuals with shingles. They should also avoid 
sharing bed sheets and dinner utensils while vesicles are present because 
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live virus is present until the lesions are covered by a crust. Because 
aerosolized spread does not occur, they do not have to isolate themselves 
from people with shingles. 

Reactivation of Mycobacterium tuberculosis is an infrequently 
observed occurrence that can produce isolated pulmonary disease or 
may disseminate. To eliminate this risk, all potential transplant recipi- 
ents must have a purified protein derivative test placed with anergic 
controls prior to listing. Patients with a positive test result require treat- 
ment with isoniazid to eradicate the organism. 

Prevention of posttransplant infection is dependent on the efforts of 
both patients and physicians. Strict hand washing is a simple and effec- 
tive strategy that prevents pathogen transmission. All physicians caring 
for patients should be reminded of the necessity of hand washing after 
patient contact. When examining patients early after transplant, it is the 
author’ s habit to wear gloves as a form of “reverse isolation” to minimize 
the chance of spreading antibiotic-resistant pathogen strains commonly 
encountered in ICUs and hospital wards. Patients are encouraged to wear 
a surgical mask when visiting the hospital and during times of close 
contact with strangers where airborne spread of respiratory viruses is 
possible (e.g., on an airplane). They should avoid people with colds and 
children who have received live virus vaccines. In general, patients are 
discouraged from spending time in damp basements or from participat- 
ing in home renovation to prevent exposure to various forms of mold and 
fungi that might aerosolize. Although many opportunistic pathogens 
live in the soil, gardening is possible for patients more than 6 mo 
posttransplant, provided they wear rubber gloves and a mask and wash 
their hands after digging in the soil. All fresh fruits and vegetables should 
be washed thoroughly. 

Transplant Vasculopathy Prevention 

The development of TCAD limits the long-term success of cardiac 
transplantation. In a multicenter study of 2609 heart transplantation 
recipients, 42% had evidence of graft vasculopathy on angiography by 
5 yr after transplantation (46). Both immunologic and nonimmuno- 
logic endothelial damage may initiate pathological remodeling of the 
transplanted coronary arteries, resulting in graft vasculopathy (Fig. 6). 
Presently, no known therapy entirely prevents development or progres- 
sion of this disease, although several strategies minimize this risk. These 
include strict blood pressure control administration of lipid-lowering 
statin drugs and prevention of rejection and CMV infection. 

Because 80% of patients develop hypertension, blood pressure con- 
trol is mandatory to reduce the incidence of vascular disease. Calcium 
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Immunologic Risk Factors 



Non-immunologic Risk Factors 




Fig. 6. Both immunologic and nonimmunologic factors produce endothelial cell 
injury and lead to the pathogenesis of transplant allograft vasculopathy. 



channel blockers, such as diltiazem and nifedipine, limit intimal thick- 
ness, as detected by intravascular ultrasound. Although it is unclear 
whether calcium channel blockers have anything other than an indirect 
effect on vascular endothelium, through their effects in lowering blood 
pressure, many centers continue to prescribe diltiazem to all heart trans- 
plant recipients. ACE inhibitors do have anti-atherothrombotic effects. 
In the Heart Outcomes Prevention Evaluation (HOPE) trial, ramipril 
(Altace, Monarch, Bristol, TN) significantly reduced the incidence of 
myocardial infarction and stroke and slowed diabetes progression ( 47 ). 
Although no clinical trial has tested ACE inhibitors or angiotensin re- 
ceptor blockers (ARB) in cardiac transplant recipients, there is reason to 
believe that, by preserving endothelial function, these drugs could re- 
duce the incidence of transplant vasculopathy. However, limiting their 
widespread use is the additive renal insufficiency risk when these drugs 
are combined with calcineurin inhibitors. Patients with preserved renal 
function and hypertension, especially those with concomitant diabetes, 
should receive either an ACE inhibitor or ARB. 

Hyperlipidemia is encountered frequently after heart transplantation 
and is exacerbated by the need for corticosteroid treatment. HMG-CoA 
reductase inhibitors (statins) appear to have benefits in transplant patients 
beyond simply lowering cholesterol. When tested in a randomized 
clinical trial, pravastatin (Pravachol, Bristol-Myers Squibb, Princeton, 
NJ) lowered cholesterol levels, reduced the incidence of transplant 
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vasculopathy, and improved survival in study patients when compared 
to control patients (48). In another clinical trial, early use of simvastatin 
(Zocor, Merck, West Point, PA) resulted in significantly better 8-yr 
survival rates and a lower incidence of transplant vasculopathy (49). 
Among other beneficial effects, statins have immunomodulatory 
properties. Specifically, statin-treated patients experienced fewer severe 
rejection episodes in clinical trials (49). This may result from the fact 
that, in the presence of CyA, statins directly inhibit natural killer cell 
activity (50). 

Although no therapy exists to reverse transplant vasculopathy, the 
novel immunosuppressive drug rapamycin appears to stabilize the dis- 
ease. In a recent single-center study conducted at Columbia-Presbyte- 
rian, rapamycin effectively slowed graft vasculopathy progression in 
patients with documented moderate to severe TCAD (30). The incidence 
of clinically significant cardiac events, defined as death, myocardial 
infarction, or the need for revascularization, was reduced in the 
rapamycin group compared to the control group. A semiquantitative 
catheterization score remained unchanged in the rapamycin group, 
whereas it worsened in controls. Production of anti-HLA class I and II 
antibodies was not reduced with rapamycin, suggesting that its mecha- 
nism of action is not mediated by B-cell suppression but by its 
antiproliferative effects. Recently published data from a multicenter 
trial using everolimus also showed a reduction in intimal thickness at 
1 yr in the everolimus-treated patients (29). Further study with these 
promising drugs needs to be conducted to determine whether these 
observations translate into a long-term survival benefit. Until that time, 
the only definitive treatment for transplant vasculopathy remains 
retransplantation. 

CONCLUSION: REHABILITATION 
AND RETURN TO PHYSICAL ACTIVITY 

The goal of cardiac transplantation is not simply to extend life but to 
restore productivity to all transplant recipients. Despite this attempt, less 
than 30% of transplant recipients return to full-time work (51). One 
reason for this is the increasing recipient age over the past decade. How- 
ever, other obstacles prevent not only the return to work but the return 
to full functional capacity. Patients with advanced heart failure prior to 
transplantation experience severe deconditioning and muscle atrophy 
requiring intensive physical therapy to regain full function. Hindering 
this recovery is chronic corticosteroid therapy, which may produce proxi- 
mal muscle weakness in addition to central obesity. The denervated 
heart also limits full cardiovascular performance, because it produces a 
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slightly diminished maximal cardiac output. This is particularly evident 
in size-mismatched recipients. Despite these limitations, 80-85% of 
heart transplant recipients enjoy a physically active lifestyle and an 
improvement in quality of life, especially when compared to their 
pretransplant state ( 51 ). 
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INTRODUCTION 

Cardiac transplantation has long been the gold standard for the treat- 
ment of end-stage heart disease ( 1 ). After the first human-to-human 
heart transplant in 1967, the initial flurry of activity surrounding heart 
transplantation quickly diminished because of poor results, primarily 
stemming from an inability to control cardiac allograft rejection without 
subjecting patients to the risk of overwhelming sepsis. However, among 
the major advances made in the following decade were the use of 
endomyocardial biopsy techniques for diagnosing and monitoring rejec- 
tion and the use of rabbit antithymocyte globulin and, subsequently, 
cyclosporine (CyA). Many immunosuppressive protocols used for car- 
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diac transplantation were based on protocols already in place for clinical 
renal transplantation. This chapter discusses the current status of immu- 
nosuppression in cardiac transplantation and reviews novel modalities 
of immunosuppression as well as immunosuppressive management of 
the sensitized cardiac allograft recipient. 

EARLY POSTTRANSPLANT PERIOD 
Role of Induction Therapy 

Induction therapy is greatly important to ensure that acute rejection 
risk is minimized; in the past, standard regimens have included induction 
agents. However, using induction phase agents in heart transplantation is 
controversial. 

Acute rejection episodes adversely affect short-term survival follow- 
ing cardiac transplantation. Rejection occurs most frequently during the 
first 3 mo after transplantation, with the incidence decreasing exponen- 
tially thereafter. Repeated or severe episodes of allograft rejection may 
lead to cardiac allograft vasculopathy development, which, in these 
patients, is the main cause of death after the first year. Using induction 
therapy in the perioperative period has been advocated to decrease the 
frequency and severity of early acute rejection. The success obtained 
with these nonselective agents has varied (2-4). 

The main induction agents are the polyclonal antilymphocyte and 
antithymocyte globulins and, more recently, the murine monoclonal 
antibody (MAb) OKT3. Randomized trials evaluating relative efficacy 
and tolerance of these potential agents failed to show a significant dif- 
ference in survival among these agents. Further, several trials that stud- 
ied the relative efficacy of the polyclonal antilymphocyte preparations 
against the MAb OKT3 failed to demonstrate an improved efficacy of 
the MAb. Although these agents have been effective in terminating acute 
allograft rejection and in treating refractory rejection, results of com- 
parative studies of outcomes with and without monoclonal induction 
therapy have varied, with most studies demonstrating an effect on rejec- 
tion that is maintained only while antibody therapy is ongoing. Without 
repeated administration, these agents only delay the time to a first rejec- 
tion episode and do not decrease the overall frequency or severity of 
rejection. 

More importantly, their use is associated with increased complication 
risk — both short-term (infections) and long-term (lymphoproliferative 
disorders). A large, multicenter analysis reported that the use of antilym- 
phocyte antibody therapy, specifically OKT3, is associated with an 
increased incidence of nonfatal cytomegalovirus (CMV) infections. 
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Swinnen et al. reported a high incidence of posttransplant lympho- 
proliferative disease (PTLD) in patients receiving perioperative or res- 
cue OKT3 (3). However, other large series using OKT3 did not report as 
high an incidence of PTLD, thereby suggesting that PTLD risk is more 
likely dependent on the overall immunosuppression degree, rather than 
on the use of a specific agent (5,6). A side effect specific to OKT3 is the 
development of a “flu-like syndrome” characterized by fever, chills, and 
mild hypotension, typically seen with the first dose (7). 

Because antilymphocyte antibodies are produced in nonhuman spe- 
cies, their use is associated with the sensitization phenomenon, leading 
to decreased efficacy with repeated use, as well as the possibility of 
serum sickness. Sensitization development is linked with an increased 
acute vascular rejection risk. Although this association is not reported by 
other centers using OKT3 prophylaxis, immune-complex disease devel- 
opment, inadequate immunosuppression resulting from decreased OKT3 
levels, or OKT3 sensitization are believed to be markers for patients at 
higher risk for humoral rejection. 

Despite the lack of consistent data supporting the routine use of induc- 
tion therapy with antilymphocyte antibody agents, the therapy has a 
clear role in select situations. Specifically, patients with early postopera- 
tive renal or hepatic dysfunction may benefit by avoiding CyA therapy 
while using these induction agents. Antilymphocyte antibody therapy 
provides effective immunosuppression for at least 10-14 d without CyA 
or tacrolimus therapy. Also, patients with overwhelming postoperative 
bacterial infections or diabetics with severe postoperative hyperglyce- 
mia may benefit from the comparatively low doses of corticosteroids 
required during antilymphocyte induction therapy. 

Despite the extensive use of induction therapy using antilymphocyte 
antibodies in solid organ transplantation, the exaet role of these agents 
is unclear. There is no doubt that their routine use is unwarranted, as the 
generalized immunosuppression that they induce inereases infection and 
malignancy risks. Until recently, the agents were ideal in the early post- 
operative period in patients with renal or hepatic dysfunction in whom 
CyA could not be used. With the recent success achieved by interleukin 
(IL)-2 receptor blockade in these situations, the role of antilymphocyte 
agents may be relegated to salvage therapy. 

IL-2 Receptor Inhibition 

The high-affinity IL-2 receptor is composed of three noncovalently 
bound chains: a 55 kd a chain (also referred to as CD25 or Tac), a 75 kd 
P chain, and a 64kd y chain. This receptor is present on nearly all acti- 
vated T cells but not on resting T cells. In vivo activation of the high- 




162 



Chapter 8 / Immunosuppression for Cardiac Transplantation 



affinity IL-2 receptor by IL-2 promotes the clonal expansion of the 
activated T-cell population ( 8,9). Various rodent MAbs directed against 
the receptor’ s a chain have been used in animals and humans to achieve 
selective immunosuppression by targeting only T-cell clones respond- 
ing to the allograft (10,11). Chimerization or humanization of these 
MAbs has resulted in antibodies with a predominantly human frame- 
work that retain the antigen specificity of the original rodent MAbs. A 
fully humanized anti-IL-2R MAb (daclizumab) and a chimeric anti- 
IL-2R MAb (basiliximab) have undergone successful Phase III trials 
demonstrating their efficacy in the immunoprophylaxis of patients 
undergoing renal transplantation (11-13). 

Daclizumab 

Daclizumab™ is a molecularly engineered human immunoglobulin 
(Ig)G 1 MAb that binds but does not activate the high-affinity IL-2 recep- 
tor. Because it consists of 90% human Ig sequences, daclizumab has low 
immunogenicity; its serum half-life is 21 d. 

Flaventi et al. studied the administration of daclizumab to cadaveric 
renal transplantation recipients and showed decreases in the number of 
allograft rejection episodes and an increase in the time to a first rejection 
episode without a concomitant increase in the incidence of infection or 
cancer f 7 Jj. 

Beniaminovitz et al. showed that, as compared with conventional 
triple-drug immunosuppressive therapy, induction with daclizumab 
decreased rejection frequency, prolonged the time to a first rejection 
episode in the first 3 mo after cardiac transplantation, and decreased 
overall rejection severity. In this study, treatment with daclizumab sig- 
nificantly reduced the frequency and severity of rejection in the treat- 
ment period, but, after the cessation of therapy, rejection frequency 
increased to a level similar to the control group (8). 

This finding suggests that daclizumab has an immunomodulatory 
effect similar to other MAb-based therapies (i.e., it induces clonal anergy 
rather than clonal deletion). However, daclizumab has several advan- 
tages over other induction agents. Given its unique composition, its use 
is not functionally immunogenic. Its effective serum half-life is 21 d; 
thus, five doses provide saturation for at least 3 mo, which covers the 
period of highest cardiac allograft rejection incidence. Moreover, lack of 
immunogenicity makes prolonged courses possible and may permit 
repeated use of this agent for more than 3 mo. Furthermore, rejection that 
occurred after daclizumab therapy cessation was preceded by the devel- 
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opment of circulating anti-human lymphocyte antigen (HLA) antibod- 
ies. Therefore, careful immunologic screening may identify patients 
who require prolonged, higher-dose, or repeated daclizumab therapy. 

Also, daclizumab therapy produced a marked reduction in anti-HLA 
antibody formation that sustained even after therapy stopped. This sug- 
gests that the drug prominently affects the indirect recognition pathway. 
The indirect pathway of CD4 T-cell activation plays an important part 
in acute and chronic rejection development. Whereas primary rejection 
is accompanied by recognition by the recipient’s T cells of a dominant 
HLA-DR allopeptide presented by self-antigen-presenting cells, recur- 
rent rejection episodes and transplant-related coronary artery disease 
(CAD) development appear to result from the activation of antigen- 
specific B cells by soluble HLA-DR molecules. Because the develop- 
ment of anti-HLA IgG antibodies to the graft is associated with the 
development of cellular rejection and graft atherosclerosis, effective 
inhibition by IL-2 receptor blockade may favorably influence both trans- 
plant-related CAD development and long-term survival ( 14 ). 

Daclizumab’ s short-term safety profile appears superior to that of 
other therapies based on MAbs or polyclonal antibodies. Daclizumab 
administration is not associated with any detectable signs of cytokine 
release syndrome or allergic responses. Furthermore, when compared to 
the control group, the incidence of infection or cancer was not higher in 
the daclizumab group ( 8 ). 

Basiliximab 

The chimeric anti-CD25 MAb basiliximab has been studied as an 
immunoprophylactic agent against acute rejection in patients undergo- 
ing renal transplantation. Patients treated with this agent had a signifi- 
cant reduction in acute rejection and did not have an increased incidence 
of infections or malignancy. In keeping with the chimeric structure, the 
half-life of basiliximab was approx 7 d, considerably shorter than human 
IgG or daclizumab ( 15 , 16 ). 

Daclizumab appears to be an effective adjuvant immunomodulating 
agent in cardiac allograft recipients. It has advantages over conventional 
induction therapy because it is more selective and can be used for 
prolonged, and potentially repeated, periods. Studies with larger cohorts 
are needed to further examine short-term and long-term survival benefits 
for patients following cardiac transplantation and determine the optimal 
dosing daclizumab schedules. Also, further studies using basiliximab in 
cardiac transplantation are needed to determine its efficacy and safety 
profile. 
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Commonly Used Immunosuppressive Agents 

Azathioprine 

Available for more than 35 yr, azathioprine remains useful as an 
immunosuppressive agent. Following administration, azathioprine is 
converted into 6-mercaptopurine, with subsequent transformation into a 
series of intracellularly active metabolites. These inhibit an early step in 
de novo purine synthesis and several steps in the purine salvage pathway. 
The net effect is cellular purine store depletion, thus inhibiting deoxyri- 
bonucleic acid (DNA) and ribonucleic acid synthesis, the impact of 
which is most marked on actively dividing lymphocytes responding to 
antigenic stimulation (7 7j. 

In current immunosuppressive protocols, azathioprine is used as part 
of a triple-therapy regimen with prednisone and CyA or tacrolimus. As 
this chapter later discusses, improved mycophenolate mofetil (MMF) 
efficacy led the authors, as well as other centers, to replace azathioprine 
with MMF. 

Cyclosporine 

Over the past two decades, CyA has been the most important factor 
associated with improved outcomes after cardiac transplantation. A 
review of the first decade of heart transplantation experience revealed a 
total of 379 cardiac allograft recipients worldwide; actuarial survival 
rates in this cohort at 1 yr and 5 yr were 56 and 31%, respectively; the 
main causes of death were acute rejection and immunosuppression side 
effects. With the introduction and widespread use of CyA over the fol- 
lowing decade, survival rates dramatically improved to 85 and 75% at 1 
and 5 yr, respectively (18). Sarris et al. from Stanford University, reported 
on a group of 496 patients who underwent cardiac transplantation since 
the introduction of CyA (between 1980 and 1 993) with 82, 6 1 , and 4 1 % 
survival at 1, 5, and 10 yr, respectively (19). Olivari et al., from the 
University of Minnesota, reported outstanding results in a group of 
patients receiving cardiac transplants between 1983 and 1988; 1- and 
5-yr survivals were 92 and 78%, respectively (20). Several studies 
showed that CyA-based regimens were associated with significant pro- 
longation in survival after cardiac transplantation (21-23). 

The binding of IL-2 to the IL-2 receptors on the T-lymphocyte surface 
is a key stimulant in promoting lymphocyte proliferation and activation. 
CyA first binds to a cytosolic protein, cyclophilin (CyP), at the cellular 
level. The CyA-CyP complex then binds to calcineurin and subsequently 
blocks IL-2 transcription. 

The major adverse effects of CyA are nephrotoxicity, hypertension, 
neurotoxocity, and hyperlipidemia; less common side effects include 
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hirsutism, gingival hyperplasia, and liver dysfunction. CyA nephrotox- 
icity manifests as acute or chronic renal dysfunction. It is important to 
note numerous drugs commonly used in transplant patients, such as 
aminoglycosides, amphotericin B, and ketoconazole, can potentiate the 
nephrotoxicity induced by CyA. More than half the patients receiving 
CyA require treatment for hypertension within the first year following 
transplantation. Corticosteroids also potentiate CyA side effects, such as 
hypertension, hyperlipidemia, and hirsutism (17). To lessen these side 
effects, steroid weaning is practiced, as discussed later in this chapter. 

The pharmacokinetics and pharmacodynamics of CyA are complex. 
Frequent serum level monitoring is essential to minimize adverse effects. 
One major limitation of the original oil-based CyA formulation 
(Sandimmune) is its variable and unpredictable bioavailability. The 
introduction of Neoral in the mid-1990s was a major advance; Neoral is 
a microemulsion formula of CyA that has greater bioavailability and 
more predictable pharmacokinetics than Sandimmune (24,25). The OLN 
351 study, involving 380 recipients at 24 centers, compared the safety 
and efficacy of these two CyA preparations in a double-blind, random- 
ized trial. The study’s results showed fewer Neoral patients needing 
antilymphocyte therapy to treat rejection, fewer rejection episodes 
among female patients receiving Neoral, fewer infections in the Neoral 
group, and equivalent tolerability of the two formulations (26). 

Although CyA remains the cornerstone of maintenance immunosup- 
pression, the availability of newer agents certainly reduced previous 
dependence on CyA. Immunosuppressive protocols avoiding CyA alto- 
gether have developed with good success. Use of newer agents in com- 
bination with CyA may further decrease rejection incidence or may 
enable lower, better-tolerated CyA doses to be administered. At the 
authors’ center, CyA is currently the core immunosuppressant of choice 
in the majority of transplant patients. 

Mycophenolate Mofetil 

MMF, which is rapidly hydrolyzed to mycophenolic acid after inges- 
tion, is a selective, noncompetitive, reversible inhibitor of onosine mono- 
phosphate dehydrogenase, a key enzyme in the de novo guanine 
nucleotide synthesis. Unlike other marrow-derived cells and parenchy- 
mal cells that use the hypoxanthine-guanine phosphoribosyl transferase 
(salvage) pathway, activated lymphocytes rely predominantly on the de 
novo pathway for purine synthesis. This functional selectivity allows 
lymphocyte proliferation to be specifically targeted with less anticipated 
effect on erythropoiesis and neutrophil production than with azathio- 
prine (27). 
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Early studies in human heart transplant recipients demonstrated that 
MMF, when substituted for azathioprine in standard triple-therapy regi- 
mens, is well tolerated and more efficacious than azathioprine (28-30). 
In a large, double-blind, randomized multicenter study comparing MMF 
to azathioprine (with CyA and prednisone) in 650 patients, Kobashigawa 
et al. showed that the MMF group had a significant reduction in mortality 
as well as a reduction in the requirement for rejection treatment. Also, 
there was a trend for MMF patients to have fewer 3A rejections. The 
lower mortality in the MMF group seemed to result mostly from a 
decrease in deaths related to immunosuppression use (rejection and 
infection). However, there was an increase in the incidence of opportu- 
nistic viral infections in the MMF group (31 ). 

Others have shown that MMF is superior to azathioprine for preven- 
tion of B-cell activation and production of anti-HLA antibodies, perhaps 
explaining its superior efficacy as an antirejection agent (32-34). By 
decreasing B-cell proliferation, MMF may have a beneficial effect on 
transplant coronary artery disease (TCAD) development. 

Since 1996, our center has substituted MMF for azathioprine as part 
of a triple-drug immunosuppression regimen with CyA and prednisone. 
Initially, successful MMF use in cardiac transplant patients has been 
based on its efficacy in refractory rejection management in patients 
treated by CyA, azathioprine, and prednisone; MMF replaces azathio- 
prine in these patients for maintenance immunosuppression. 

Tacrolimus 

Tacrolimus (Prograf, Fujisawa Healthcare, Deerfield, IL) is a mac- 
rolide antibiotic that inhibits T-cell activation and proliferation and 
inhibits other cytokine production (36). The product of Streptomyces 
tsurubaensis fermentation, tacrolimus was discovered in 1984 and first 
used in clinical studies in 1988 at the University of Pittsburgh. 
Tacrolimus use in heart transplantation began at the same institution in 
the early 1990s, initially as “rescue therapy” and later as primary therapy 
(37). Recently, Taylor et al. reviewed the guidelines for tacrolimus use 
in cardiac transplant recipients (36). 

The initial trial comparing tacrolimus with CyA in clinical heart 
transplantation demonstrated that patients receiving tacrolimus had a 
lower hypertension risk and required a lower steroid dose. Although the 
mean serum creatinine concentration was higher at 1 yr in the tacrolimus 
group, this difference disappeared after 2 yr. This study concluded that 
an intermediate-term analysis indicated that tacrolimus compares 
favorably with CyA as a primary immunosuppressant in cardiac trans- 
plant recipients (37). 
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An improved understanding of the efficacy and pharmacokinetics of 
tacrolimus came from European and US multicenter trials ( 38 , 39 ). 
Patient survival and the probability of freedom from rejection were simi- 
lar between the two treatment groups in both trials. In the European trial, 
the overall infection rates, impaired renal function, and glucose intoler- 
ance did not differ significantly between the tacrolimus and CyA groups. 
However, tacrolimus-treated patients possessed an advantage with 
regard to a reduced requirement for antihypertensive therapy. Similarly, 
in the US trial, there were no differences in infection rates, renal func- 
tion, hyperglycemia, or hyperkalemia during the first year of treatment. 
Comparable to those in the European trial, more CyA-treated patients in 
the US trial developed new-onset hypertension requiring treatment. Also, 
the incidence of elevated cholesterol and triglycerides was higher in 
CyA-treated patients. The conclusion from these trials was that 
tacrolimus-based immunosuppression is effective for rejection prophy- 
laxis after cardiac transplantation and, when compared to CyA treat- 
ment, may be associated with less hypertension and hyperlipidemia and 
comparable renal function and infection risk. 

In addition, whereas these comparative clinical trials suggest similar 
efficacy between the two therapies, it is suggested that some patient 
groups may benefit from tacrolimus, rather than CyA, as primary immu- 
nosuppressive therapy after cardiac transplant ( 40 ). Unlike with CyA, 
hirsutism and gingival hyperplasia occur infrequently with tacrolimus; 
thus, tacrolimus-based therapy may improve compliance and quality of 
life in female and pediatric transplant recipients. It should be noted that 
alopecia is documented with tacrolimus use, but it is known to improve 
with dose reductions. The decreased incidence of hypertension and 
hyperlipidemia with tacrolimus makes it preferable to CyA in patients 
with refractory hypertension or hyperlipidemia. 

A final indication for tacrolimus has been as a rescue immuno- 
suppressant in cardiac transplant recipients receiving CyA who have 
refractory rejection or intolerance to immunosuppression (severe side 
effects) ( 41 ). Baran et al. reported on their experience with tacrolimus 
monotherapy in cardiac transplant recipients, showing that tacrolimus 
use alone after steroid weaning provides effective immunosuppression 
with low rejection incidence, infection, and TCAD ( 42 ). 

Because tacrolimus is metabolized using the same cytochrome P450 
enzyme system as CyA, drug interactions are essentially the same. Thus, 
drugs that induce this system may increase the metabolism of tacrolimus, 
thereby decreasing its blood levels. Conversely, drugs that inhibit the 
P450 system decrease the metabolism of tacrolimus, thereby increasing 
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its blood levels. Some studies have indicated a higher incidence of neph- 
rotoxicity with tacrolimus as compared to CyA. 

Current data clearly show that tacrolimus has efficacy comparable to 
CyA with decreased incidence of hypertension and hyperlipidemia. It 
may be safely combined as part of a triple-drug immunosuppression 
regimen. Our experience with tacrolimus at Columbia-Presbyterian is 
limited. Ongoing experience with tacrolimus in cardiac transplant re- 
cipients will refine current recommendations for its use. 

Immunosuppressive Regimens 

Since 1983, all patients undergoing transplantation at Columbia-Pres- 
byterian have received CyA-based immunosuppression. Current dosing 
for standard triple-therapy immunosuppression consists of the following: 

• CyA: a preoperative dose (3-6 mg/kg) followed by intravenous CyA 
(1-2 mg/kg/24 h) until oral intake is tolerated. Daily oral doses (3-6 
mg/kg) are adjusted so that serum levels are maintained at 300-350 
ng/mL. After 6-12 mo, CyA dosing is reduced to maintain serum levels 
between 100 and 150 ng/mL. 

• Azathioprine: administered in a preoperative oral dose (4 mg/kg) fol- 
lowed by daily doses of 2 mg/kg IV until the patient can tolerate oral 
medications, at which point azathioprine is changed to MMF, starting 
at a dose of 1000 mg, twice daily (since 1996). 

• Intravenous methylprednisolone: 500mg administered during the 
operation and followed in the postoperative period by 125 mg every 
8 h for three doses. Prednisone is then instituted at a daily oral dose 
of 1 mg/kg and gradually tapered over 4 mo to 0.1 mg/kg/d. In some 
patients, the authors make an attempt to wean off prednisone com- 
pletely. Daclizumab is administered to certain transplant recipients. 

At other centers, the standard regimen used in cardiac transplant 
patients is a combination of CyA with azathioprine or MMF in addition 
to prednisone. With this regimen, MMF is used more commonly because 
of the lower incidence of acute rejection. In recent years, some centers 
started using tacrolimus in place of CyA as part of a triple-drug regimen, 
along with azathioprine or MMF in addition to prednisone. 

LONG-TERM POSTTRANSPLANT CONSIDERATIONS 
Steroid Withdrawal 

Steroids are used routinely in almost all immunosuppressive proto- 
cols after cardiac transplantation. The metabolic side effects of steroids 
are well known and lead to significant morbidity and mortality in the 
posttransplant period. Since the first report by Yacoub et al., growing 
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evidence suggests that steroids may not be a requirement for post- 
transplant immunosuppression (43). Despite these data, almost 90% and 
70% of patients continue to receive prednisone at 1 yr and 3 yr 
posttransplant, respectively. 

A recent review of more than 1 800 patients from a combined registry 
outlined the morbid complications that patients suffer within the first 
year after transplantation. Many of these complications are known side 
effects of prednisone, including hypertension (16%), diabetes mellitus 
(16%), hyperlipidemia (26%), bone disease (5%), and cataracts (2%) 
(44). Therefore, it is obvious that avoiding of steroids may decrease 
morbidity and mortality after heart transplantation (45). Two general 
approaches are used to institute prednisone-free immunosuppression: 
early and late withdrawal. 

Early Withdrawal 

Withdrawal of prednisone during mo 1 posttransplant has resulted in 
long-term success of steroid withdrawal in 50-80% of patients. In these 
studies, antilymphocyte antibody induction therapy appears to increase 
the likelihood of successful steroid withdrawal. Several centers reported 
their results with immunosuppressive regimens that did not include 
steroids in the early posttransplant period (46). Studies reporting high 
success rates of 80% used specific enrollment criteria, such as excluding 
patients with recurrent acute rejections or those of female gender. 

In a series of nonrandomized patients, Katz et al. showed that 6 1 % of 
patients could be treated without steroids immediately posttransplant; 
these patients had similar survival, infection, and rejection rates, but a 
lower incidence of diabetes when compared to patients with triple-drug 
immunosuppression. Keogh et al. reported a 5-yr follow-up on over 100 
patients prospectively randomized to triple-drug therapy or double-drug 
therapy with CyA and azathioprine (47). Patients with significant renal 
dysfunction or recurrent acute rejection (more than three episodes) were 
converted to maintenance steroids. Only 47% of patients required 
conversion to triple-drug therapy. There was no difference in actuarial 
survival between the two patient groups. Rejection in the first 3 mo was 
lower with triple-drug therapy, but did not differ between the two groups 
beyond 3 mo. However, patients on triple-drug therapy had higher serum 
cholesterol as well as an increased requirement for antihypertensive 
medication. 

Clearly, these studies demonstrate that steroid-free maintenance 
immunosuppression is possible in at least 50% of patients, is as safe as 
triple-drug therapy, and may reduce some long-term steroid complications. 
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Late Withdrawal 

Owing to the majority of acute rejection episodes occurring in the first 
3 mo posttransplant, steroid withdrawal often begins after this time 
period, resulting in long-term success in about 80% of patients (48). 
Generally, there is no need for conventional induction agents when late 
steroid withdrawal is employed. Using center-specific indications for 
steroid withdrawal, Taylor et al. reported successful steroid discontinu- 
ation in 30% of patients (49). Both early- and long-term mortality were 
significantly lower in patients in whom successful early withdrawal 
from steroids was achieved. Also, there was a trend toward decreased 
TCAD in those in whom steroids were weaned. Olivari et al. found that 
the degree of posttransplantation weight gain, number of lipid abnor- 
malities, and incidence of hypertension were not modified by steroid 
tapering, whereas the incidence of cataracts and compression fractures 
and the degree of bone loss were significantly reduced (50). 

Successful weaning from steroids may be limited to an immunologi- 
cally privileged patient subgroup. Kobashigawa et al. reported higher 
success rates from steroid withdrawal in patients with two or three HLA- 
DR matches (51 ). Felkel et al. revealed that being a black recipient is a 
negative predictive factor for both successful steroid withdrawal and 
survival, after adjusting for potential predictors for survival (52). This 
raises the question of whether avoiding steroid toxicity or being immu- 
nologically privileged by a favorable donor-recipient match is contribu- 
tory to the improved survival reported. 

We believe that there is a role for steroid weaning after the first 6 mo 
following cardiac transplantation. In most patients, steroids should be 
administered during the period of greatest rejection risk, namely the first 
3-6 mo, with a determined attempt to wean it subsequently. There is 
significant room for improvement in this area of immunosuppression, 
based on recent data from the International Society of Heart and Lung 
Transplantation database revealing that 70% of patients are maintained 
on long-term prednisone treatment (53). 

NOVEL MODALITIES OF IMMUNOSUPPRESSION 
Rapamycin 

Rapamycin (Rapamune, Wyeth-Ayerst Laboratories, Madison, NJ), 
a microbial product isolated form the actinomycete Streptomyces 
hygroscopicus, was discovered initially as an antifungal agent in the 
mid-1970s (54). The advent of tacrolimus and the recognition of struc- 
tural similarities between these two drugs led research groups to study 
rapamycin’ s immunosuppressive properties. Similar to tacrolimus, the 
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drug contains the same tricarbonyl region including an amide, a ketone, 
and a hemiketal, but a triene segment in rapamycin differentiates the two 
drugs. A new derivative of rapamycin, SDZ-RAD, has been developed 
with similar in vivo potency. 

In contrast to CyA or tacrolimus, rapamycin does not affect calcineurin 
activity or lymphokine gene transcription. It selectively inhibits proteins 
that are associated with cell cycle phase G1 as well as ribosomal proteins 
that result in cell cycle prolongation at Gl/S interphase. In addition, 
rapamycin inhibits IL-2-induced binding of transcription factors in the 
proliferating cell nuclear antigen promoter, thus inhibiting progression 
to DNA synthesis and the S phase. 

The consequences of these actions make rapamycin a unique 
immunosuppressive agent. Although its net effects make it a less potent 
cytokine synthesis inhibitor than CyA, rapamycin inhibits immune 
functions such as B-cell Ig synthesis, antibody-dependent cellular 
cytotoxicity, and killer cell activity. Also important is its ability to exert 
an antiproliferative effect, thereby suggesting a potential benefit of 
rapamycin in chronic rejection and TCAD. Morris et al. showed that 
rapamycin can reverse established allograft vascular disease in a rat 
cardiac allograft model as well as a monkey aortic allograft model 
(55,56). 

The efficacy of rapamycin as an immunosuppressive agent is shown 
in several animal models of transplantation. Clinical trials using 
rapamycin have been performed mainly in kidney transplant patients 
with efficacious antirejection effects; it has also been used as rescue 
therapy for refractory rejection. These trials suggest that rapamycin, 
used in conjunction with CyA-based regimens, has a synergistic effect 
on rejection (57). Studies evaluating the role of rapamycin in cardiac 
transplant patients are ongoing and offer the prospects of significant 
improvements in transplant immunosuppression in the form of further 
reduced acute rejection, lesser immunosuppressant-induced toxicity, and 
a lower incidence of TCAD. 

Photopheresis 

Photopheresis is a leukopheresis-based immunomodulatory therapy 
form in which lymphocytes treated with 8-methoxypsoralen are irradi- 
ated with ultraviolet- A ex vivo and reinfused into the patient (58). 
Photopheresis is effective in a number of nontransplant disease states, 
such as cutaneous T-cell lymphoma, scleroderma, pemphigus vulgaris, 
systemic lupus erythematosus, and rheumatoid arthritis; these condi- 
tions are mediated partially by expanded populations of unregulated 
effector T cells. 
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Early experimental work included a primate cardiac transplantation 
model, in which photochemotherapy in conjunction with CyA and ste- 
roids suppressed the cellular immune response and the formation of 
cytotoxic antibodies against the transplanted antigens ( 59 , 60 ). This led 
to initial clinical studies that showed that the low toxicity and potential 
efficacy of photopheresis could lead to a role for this modality in the 
prevention and treatment of cardiac transplant rejection ( 61 ). 

In a nonrandomized study by Barr et al. for the Photopheresis Trans- 
plant Study Group, 60 consecutive cardiac transplant patients randomly 
received standard triple-drug immunosuppression (CyA, azathioprine, 
steroids) alone or in combination with photopheresis. The photopheresis 
group received a total of 24 photopheresis treatments, each pair of treat- 
ments given consecutively on 2 d , during the first 6 mo after transplan- 
tation. The study concluded that the addition of photopheresis to a 
triple-drug regimen significantly decreased cardiac rejection risk. How- 
ever, there was no significant difference in the time to a first rejection 
episode, incidence of rejection associated with hemodynamic compro- 
mise, or survival at 6 and 12 mo. There were no differences in the infec- 
tion rates or types, although CMV DNA was detected less frequently in 
the photopheresis group ( 62 ). 

In another randomized single-center study, Barr et al. reported that the 
addition of prophylactic photopheresis to standard CyA-based triple- 
drug immunosuppression significantly decreased coronary artery inti- 
mal thickness at 1- and 2-yr follow-up. Further, the photopheresis group 
had a significant reduction in panel reactive antibody (PRA) levels within 
the first 6 mo posttransplant. These results are exciting, and further 
studies are needed to assess whether the application of photopheresis to 
cardiac allograft recipients will result in a sustained decrease in intimal 
hyperplasia progression and whether this translates into improved graft 
and patient survival ( 63 ). 

PRETRANSPLANT AND POSTTRANSPLANT 
MANAGEMENT OF THE SENSITIZED PATIENT 

To identify patients at risk for donor-specific alloreactivity, cardiac 
transplantation candidates are screened for antibodies that are reactive 
with lymphocytes from a panel of volunteers representative of the major 
HLA allotypes; these antibodies are collectively referred to as PRAs. 
Patients with high PRA levels are considered sensitized to various 
alloantigens and require donor-specific T-cell cross-matches before 
transplantation to exclude the presence of lymphocytotoxic IgG 
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Table 1 

Influence of Preformed Anti-HLA Antibodies 
in Cardiac Allograft Recipients at Risk for Sensitization (» = 88) 
on Cumulative Annual Rejection Frequency Posttransplantation'’ 



Cumulative annual rejection frequency 
(no. of 3 A or 3 B rejections/yr) 


Preformed antibody type 


Positive 


Negative 


p value 


IgG anti-HLA class II 


1.29 


0.48 


0.02 


IgG anti-HLA class I 


0.611 


0.291 


0.09 


IgM anti-HLA class II 


0.468 


0.328 


0.88 



‘’Cumulative high-grade (3A/3B) rejections were modeled by the method of Wei, 
Lin, and Weissfeld (13), computing robust variance estimates allowing for the 
dependence among multiple event times. 



antibodies against donor class I HLAs, which can cause early graft fail- 
ure resulting from complement-mediated humoral rejection (64,65). 

Because a positive donor-specific T-cell cross-match is a contraindi- 
cation to transplantation, sensitized candidates have longer waiting times 
and higher mortality rates while waiting for organs (see Table 1) (66,67). 
In addition, the presence of preformed anti-HLA antibodies predicts 
poorer long-term outcome, including an increased number of cellular 
rejections, earlier TCAD onset, and decreased long-term graft survival 
compared with nonsensitized patients treated with standard triple-drug 
immunosuppressive regimens. These complications seem primarily 
related to the presence of preformed antibodies against allogeneic HLA 
class II molecules and may reflect an underlying state of CD4 T-cell 
allosensitization to class II antigens (68-71). 

The proportion of highly sensitized patients on cardiac transplant 
waiting lists has increased as a result of widespread use of left ventricular 
assist devices (LVADs) and more patients undergoing retransplantation 
(72). Whereas alloreactivity in retransplant candidates, blood product 
recipients, and multiparous women is a result of repeated B- and T-cell 
exposure to alloantigens, the high frequency of alloreactivity in LVAD 
recipients seems to result additionally from polyclonal B-cell activation. 
This activation is attributable to selective loss of Thl-type cells through 
activation-induced cell death and unopposed production of Th2-type 
cytokines ( 73, 74 ) . Interventions in sensitized recipients have focused on 
therapies aimed predominantly at Ig depletion and B-cell suppression 
(75-80). 
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Pretransplant Management 

Recent studies suggest that pooled human intravenous Ig is an effec- 
tive modality to reduce allosensitization (81,82). Postulated mechanisms 
include the presence in intravenous Ig of anti-idiotypic antibodies 
882,83), antibodies against membrane-associated immunologic mol- 
ecules such as CD4 or CDS ( 84, 85), or soluble forms of HLA molecules 
( 86,87). The authors investigated the effects of intravenous Ig on serum 
reactivity to HLA class I molecules in LVAD recipients and compared 
these effects to those obtained with plasmapheresis, an alternative 
modality for alloreactive antibody reduction (66). They first evaluated 
the efficacy of monthly intravenous Ig courses at 2 g/kg, together with 
monthly infusions of intravenous cyclophosphamide (0.5-1. 0 g/rrP-), in 
reduction of reactivity of circulating IgG antibodies for allogeneic HLA 
class I molecules. Within 1 wk following intravenous Ig infusion in four 
divided daily doses, the reactivity of circulating IgG antibodies for 
allogeneic HLA class I molecules decreased by a mean of 33% (range: 
14-52%) (p = <0.01). This was the maximal level of alloreactivity reduc- 
tion during the 4 wk after intravenous Ig infusion, with the efficacy of 
intravenous Ig progressively decreasing by the end of the wk 4 to a mean 
reduction in alloreactivity of 8% ±7%. 

Then, we compared the effects of intravenous Ig (2 g/kg) with plas- 
mapheresis on reduction of reactivity of circulating IgG antibodies with 
allogeneic HLA class I molecules in LVAD recipients. Reactivity of 
circulating IgG antibodies with allogeneic HLA class I molecules did 
not significantly reduce within the first 2 wk after initiation of plasma- 
pheresis. Maximal reduction in alloreactivity, 38% ±11%, occurred by 
the wk4 of plasmapheresis. These results showed that intravenous Ig has 
an earlier onset of action and greater efficacy in reducing IgG anti-HLA 
alloreactivity as compared with plasmapheresis. 

We also investigated whether treatment with intravenous Ig (2 g/kg) 
together with intravenous cyclophosphamide (0.5-1. 0 g/m^) to reduce 
alloreactivity in sensitized recipients would impact waiting time to trans- 
plantation. The first three highly sensitized LVAD recipients to receive 
desensitization therapy had been waiting for cardiac transplantation for 
a mean of 303 ± 25 d prior to the onset of therapy, as a result of repeated 
positive donor-specific cross-matches (mean: 33; range: 

24-43). Following initiation of intravenous Ig/cyclophosphamide 
therapy, with or without additional immunodepletion using plasmapher- 
esis, all patients obtained negative donor- specific cross-matches and 
were successfully transplanted in a mean time of 99 ± 8 d. 
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On the basis of these results, a formal protocol was established to 
initiate monthly courses of intravenous Ig therapy (2g/kg) with intrave- 
nous cyclophosphamide following initial allosensitization detection. 
Whereas the mean wait time to cardiac transplantation was 7. 1 mo (range: 
0.2-17.9) in patients with IgG antibodies against HLA class I molecules, 
this significantly decreased to 3.3 mo (range 0.3-6.2) in sensitized 
recipients receiving one or two courses of intravenous Ig (2 g/kg) 
ip < 0.05). No patient in either group was transplanted across a positive 
donor- specific IgG T-cell cross-match. This duration was similar to the 
waiting time to transplantation of 3.1 mo (range: 0.3-10.7) in 27 
unsensitized patients. 

Posttransplant Management 

The posttransplant induction of immunologic allograft rejection 
markers has been compared in sensitized cardiac allograft recipients 
who were treated with Cy A/steroid-based triple-drug immunosuppres- 
sive regimens incorporating intravenous cyclophosphamide pulses or 
oral MMF. In comparison with MMF, treatment for 4-6 mo with intra- 
venous pulses of cyclophosphamide protected against lL-2-receptor- 
positive T-cell outgrowth from biopsy sites during the first posttransplant 
year ip < 0.01), as well as the posttransplant induction of IgG antibodies 
against HLA class II, but not class I, antibodies (defined as an increase 
by more than 10% above pretransplant values). 

Immunosuppression using intravenous pulses of cyclophosphamide, 
as compared to MMF, in sensitized recipients for 4-6 mo post- 
transplantation significantly prolonged the rejection-free interval isee 
Table 2). Overall, only 4 of 26 ( 15%) cyclophosphamide-treated patients 
developed one or more high-grade rejections within the first post- 
transplant year, compared with 22 of 48 (46%) patients treated with 
MMF ip = 0.009). Cyclophosphamide treatment had the same effect on 
sensitized recipients with either preformed IgG anti-HLA class I anti- 
bodies ip = 0.02) or class II antibodies ip = 0.04). Moreover, treatment 
with cyclophosphamide reduced the cumulative annual rejection fre- 
quency by 63%, from 0.94 rejections per year for sensitized patients 
treated with MMF to 0.35 rejections per year ip = 0.03). 

By Cox Proportional Hazard modeling for multivariable analysis, the 
only significant protective factor against high-grade cellular rejection 
development in sensitized patients was treatment with cyclophospha- 
mide isee Table 3). In comparison with cyclophosphamide, MMF treat- 
ment conferred a 3.7-fold higher rejection risk ip = 0.009) (87). 
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Table 3 

By Multivariable Analysis, Using the Cox Proportional Hazards Model, 
Treatment of Sensitized Cardiac Allograft Recipients With Mycophenolate 
Mofetil (« = 48) Portends a Significandy Higher Risk for Cellular Rejecdon 
Than Intravenous Cyclophosphamide (» = 26) 



Variable 


Coefficient ± SE 


p value 


Risk ratio 


95% Cl 


Mycophenolate mofetil 


1.035 ±0.4393 




3.7 


(1.19, 6.66) 


Cyclophosphamide 


0.908 ± 0.5295 




1.0 


(0.88, 7.00) 



Treatment with intravenous cyclophosphamide is extremely safe. The 
incidence of CMV disease (defined as clinical disease together with 
virologic culture confirmation) was lower in cyclophosphamide-treated 
patients (3 of 26, 12%) than in those treated with MMF (10 of 54, 19%). 
No other viral, bacterial, or fungal infections were seen in patients treated 
with cyclophosphamide. Intravenous pulse therapy with cyclophospha- 
mide was frequently (in greater than 80% of cases) accompanied by 
transient nausea and vomiting, which responded to antiemetic therapy. 
Mesna was coadministered with cyclophosphamide and may have con- 
tributed to the absence of any hemorrhagic cystitis cases. No malignan- 
cies developed after 540 mo of follow-up (range of follow-up per patient: 
6-38). Intravenous Ig therapy was associated with clinical manifesta- 
tions of immune complex disease in 4 of 27 (15%) monthly courses, as 
evidenced by fevers, arthralgias, and maculopapular rashes. Reversible 
renal insufficiency (defined as greater than a 50% increase in serum 
creatinine level) occurred in four cases, all of which resolved spontane- 
ously over the ensuing 3 wk postinfusion. 

These results demonstrate that intravenous pulse cyclophosphamide 
therapy, together with pretransplantation intravenous Ig as part of a 
Cy A/steroid-based regimen in sensitized cardiac allograft recipients, is 
extremely effective and safe for decreasing recipient serum and cellular 
alloreactivity , shortening transplant waiting time, and reducing allograft 
rejection. 

It is likely that the principal component of our immunomodula- 
tory regimen responsible for pretransplant reduction in anti-HLA 
alloreactivity is intravenous Ig. Although intravenous Ig stimulates the 
production of IgM anti-idiotypic-blocking antibodies to HLA in recipi- 
ent serum, this immunomodulatory mechanism is unlikely to account for 
the rapid, transient, and nonsustained clinical effect on reduction in anti- 
HLA alloreactivity observed when using intravenous Ig in sensitized 
cardiac transplant patients. In contrast, our combined intravenous Ig/ 
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intravenous cyclophosphamide regimen has a prolonged inhibitory ef- 
fect on CD4 T-cell activation, as defined by sustained prevention of both 
T-cell-mediated allograft rejection and induction of anti-HLA class II 
antibodies after transplantation. This immunomodulatory effect sug- 
gests that the principal regimental component responsible for these ef- 
fects is cyclophosphamide. 

Presently, we advocate that all patients at risk for sensitization before 
transplantation be screened specifically for the presence of antibodies 
against both HLA class I and II antibodies. On the basis of our results, 
immunosuppressive therapy for sensitized patients should commence 
before transplantation. Initiation of an immunosuppressive protocol 
using intravenous cyclophosphamide pulses before and after transplan- 
tation is a safe and effective modality for reducing donor- specific B- and 
T-cell alloreactivity ( 88 ). 

TRANSPLANT TOLERANCE 

Despite the dramatic improvement of early graft survival after CyA 
introduction, late-graft loss resulting from transplant CAD and the major 
consequences of long-term immunosuppression, such as infection and 
malignancy, remain obstacles to longer allograft recipient survival. The 
development of tolerance to the allograft would avoid these problems 
( 89 ). Tolerance is defined as the lack of detrimental immune reactivity 
to the donor antigen (allograft) with normal immune reactivity to other 
antigens occurring in the absence of ongoing immunosuppression ( 90 ). 
Despite the discovery of the immunological tolerance phenomenon by 
Billingham, Brent, and Medawar almost 50 yr ago, true immunological 
tolerance remains the “holy grail” of transplantation ( 91 ). In that experi- 
ment, naturally immunocompromised recipient neonatal animals 
injected with replicating donor-strain hematopoietic lymphoid cells 
became lymphoid-cell chimeras and subsequently exhibited tolerance to 
donor- specific grafts as adults. 

Increasing clinical and experimental evidence that transplantation 
tolerance is an achievable goal is mounting. The beneficial effect of 
blood transfusions on kidney allograft survival raises the possibility of 
inducing nonspecific hyporesponsiveness by infusing foreign cells ( 92 ). 
Salvatierra et al. showed that donor- specific blood transfusions improve 
survival of kidney transplants coming from the same donor, thus sug- 
gesting that donor-derived cells could play a role in improving graft 
acceptance ( 93 ). The observation that liver transplant recipients can 
maintain graft survival despite immunosuppression discontinuance is 
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reported (94). Further, long-term allograft acceptance in nonhuman 
primates was obtained using strategies with reduced toxicity such as 
costimulation blockade or induction of mixed chimerism (89). 

Chimerism is the condition in which donor cells engraft without 
further immunosuppressive therapy; there are two major types of 
chimerism. Microchimerism exists when only a low percentage of cells 
(less than 1 %) are of donor origin. This phenomenon was well described 
by Starzl et al., who identified cells of donor origin in various tissues in 
functionally tolerant liver transplant patients (95). However, macro- 
chimerism exists when all cells are of donor origin (full chimerism) or 
there is co-existence of cells of both donor and recipient origin (mixed 
chimerism, greater than 1% but less than 100% of cells of donor origin). 

Donor hematopoietic stem cell transplantation (HSCT) has been used 
successfully in numerous experimental settings to induce donor-specific 
tolerance. However, other cells have also been used for tolerance induc- 
tion. These include dendritic cells, regulatory T cells, and embryonic 
stem cells. Ideally, attempts to induce tolerance using cell therapy should 
precede solid organ transplantation. It is suggested, in HSCT for mixed 
chimerism induction, that the time interval between stem cell and organ 
transplantation should be approx 4-6 wk to allow hematopoiesis recov- 
ery before transplant surgery (89,96). However, several questions need 
to be answered before clinical trial initiation. These include the cell type 
to be infused, infusion route and timing, and, finally, the need for a 
conditioning regimen or associated immunosuppressive therapy in 
addition to the infusion of donor derived cells. 

CONCLUSION 

Immunosuppression is rapidly changing because of the increasing 
number of drugs and biological agents making the transition from the 
laboratory to clinical trials. Future immunosuppressive protocols will 
likely be individually tailored, multidrug regimens using less toxic doses 
of nonoverlapping, synergistic, and alloimmune-specific agents. The 
final hope for the future is that specific inhibition of antigen recognition, 
T-cell costimulation, and accessory molecule function will induce long- 
term acceptance of a transplanted organ without the complications of 
“broad-spectrum” immunosuppression. 
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INTRODUCTION 

For patients with truly refractory end-stage cardiomyopathy in the 
current era, the overall long-term survival after cardiac transplantation 
is superior to that achieved with maximal medical therapy alone. How- 
ever, whether long-term nonsurvival outcomes after transplant (because 
of the complex, and sometimes subtle, morbidities of permanent immu- 
nosuppression) are similarly enhanced remains a matter of contention. 
This chapter seeks to define these complications and strategies for their 
management, from early postoperative considerations to the enduring 
challenges of lifestyle issues and compliance. 
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WAITING LIST MORTALITY AND SURVIVAL 
STATISTICS 

The appropriate identification of heart transplant candidates is based 
on expected gains in the survival and quality of life of patients with 
advanced heart failure, compared to the gains that might be derived from 
all other organ-conserving medical and surgical treatment options. 
Traditional selection criteria are articulated in expert consensus guide- 
lines ( 1 , 2 )-, however, these guidelines are increasingly controversial, 
because the assumption of a survival benefit across the entire advanced 
heart failure spectrum may no longer be valid in the era of improved 
medical and surgical therapies for end-stage heart disease. 

Two opposing trends bring these former assumptions into question. 
First, medical therapy improvements, as well as new surgical alterna- 
tives to transplantation, have demonstrated significantly improved 
patient survival when compared to the survival of historical medically 
managed controls. In contrast, outcomes after cardiac transplantation 
have not improved as much, partly because of the listing of more criti- 
cally ill patients, use of so-called marginal donor hearts from an extended 
donor pool ( 3 ), and the initiation of new heart transplantation centers 
with an inevitable learning phase ( 4 ). 

The death rates of advanced heart failure patients on the United Net- 
work for Organ Sharing waiting list have decreased dramatically over 
time, from 432.2 per 1000 patient years in 1990 to 172.4 per 1000 patient 
years in 1999. Despite this fact, waiting list mortality remains hierarchi- 
cal by medical necessity: for patients with advanced medical urgency 
status (Status lA), the death rate per 1000 in 1999 was 581.9, as com- 
pared with 204.7 for medical urgency status (Status IB) and 130.7 for 
regular urgency status (Status 2) registrants (www.unos.org). 

In contrast to these outcomes, the 1-yr posttransplant survival rates 
for patients transplanted between 1995 and 2000 were 81.4%, 86.2%, 
and 87.7% for Status 1 A, IB, and 2, respectively. Thus, patient survival 
posttransplant, unlike waiting list mortality, does not appear to be entirely 
hierarchical — high-dose inotrope-dependent patients, once transplanted, 
appear to do almost as well posttransplant as patients who waited for 
transplantation at home on oral medications only. In other words, the 
survival benefit from cardiac transplantation is greatest for those patients 
who are at highest risk of dying from advanced heart failure without 
transplantation ( 5 ). 

These findings are corroborated by those of the Comparative 
Outcomes & Clinical Profiles In Transplantation study by the German 
Transplantation Society and Eurotransplant International Foundation 
(www.eurotransplant.org) ( 6 ). In that study, patients with a predicted 
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high risk of dying according to the heart failure survival score (HFSS) 
(7) experienced not only the highest risk of dying on the waiting list 
(32%, 20%, and 20% for high-, medium-, and low-risk patients, 
respectively; p = 0.0003) but also the greatest survival benefit from 
transplantation. 



NONREJECTION CLINICAL COMPLICATIONS 
Infections 

Opportunistic infections after transplantation continue to constitute a 
management challenge {see Table 1). The variety and timing of these 
infectious processes is significantly dependent on the geography and 
demographics of the transplant center and the time interval since trans- 
plantation. In a review of 620 consecutive patients transplanted at 
Stanford University between 1980 and 1996, 1073 infectious episodes 
represented not only the second most common cause of early mortality 
but also the most common cause of late mortality. Of these infectious 
episodes, 468 (43.6%) were caused by bacteria, 447 (41 .7%) by viruses, 
109 (10.2%) by fungi, 43 (4.0%) by Pneumocystis carinii, and 6 (0.6%) 
by protozoa. The largest number of these infections occurred in the lungs 
(301, 28.1%). Over the time period studied, there was a significant 
reduction in infection incidence and an increase in the time interval from 
transplant to presentation, likely related to improved chemoprophylaxis 
for cytomegalovirus (CMV) infections (8). 

Of the various infectious processes, CMV remains the most important 
process chronically affecting heart transplant recipients. In CMV dis- 
ease prevention, those at risk of primary disease (donor seropositive, 
recipient seronegative) should receive CMV prophylaxis (9). Legionella 
pneumophila may also cause pneumonia of variable severity after car- 
diac transplantation; chlorination and heating of water are important 
preventive measures. Specific cultures in outbreak situations should be 
considered to identify less common Legionella pneumophila serotypes, 
and nonpneumophila Legionella species (10), Pneumocystis carinii 
pneumonia (11), tuberculosis (12), toxoplasmosis (13), pulmonary 
aspergillosis (14), and other fungal infections (15,16) constitute 
additional challenges for the immunocompromised heart transplant 
recipient. 



Renal Dysfunction 

Posttransplant renal dysfunction has emerged gradually over the past 
decade as one of the most significant long-term permanent immunosup- 
pression morbidities. This dysfunction often begins pretransplantation 
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and may represent ongoing acute tubular necrosis (ATN) owing to the 
chronic low-output heart failure state. Intraoperatively, the low-flow 
nonpulsatile duration of cardiopulmonary bypass contributes to this 
prerenal azotemia, which may ultimately present difficult problems with 
perioperative fluid management. Superimposed on this background of 
intermediate renal dysfunction is the well-described immunosuppres- 
sant nephrotoxicity. Indeed, calcineurin inhibitor use as primary immu- 
nosuppressants in cardiac transplantation is associated with considerable 
end-stage renal disease and dialysis risks. Accordingly, the chronic 
progressive tubulointerstitial fibrosis/arteriopathy induced by the 
calcineurin inhibitors cyclosporine (CyA) (Neoral, Sandoz Inc., East 
Hanover, NJ) and tacrolimus (Prograf, Fujisawa Healthcare, Deerfield, 
IL) has become one of the essential criteria by which immunosuppres- 
sive agents are evaluated. 

Exposure to calcineurin inhibitors may result in a biphasic decrease 
in renal function. The initial acute renal failure may occur as early as a 
few weeks or months after therapy initiation and is thought to result from 
vasoconstriction of renal arterioles, with associated hypertension, 
hyperkalemia, tubular acidosis, sodium reabsorption, reduction in the 
glomerular filtration rate, and oliguria. Acutely, these changes are 
thought to be dose-related, while, chronically, this nephropathy (and 
later potential progression to dialysis) may, in fact, occur independently 
of acute renal dysfunction, dosage, or blood concentration. In the 
pediatric heart transplant population particularly, decline in renal function 
posttransplantation correlates primarily with early CyA exposure; this 
dysfunction persists even when CyA doses are subsequently reduced ( 17 ). 

Conversion to tacrolimus in individual cases can result in a prompt 
and significant improvement in serum creatinine concentrations, and 
this strategy may be effective in reducing CyA-associated renal failure 
in this setting ( 18 ). However, tacrolimus is not without its own nephro- 
toxicity; therefore, rapamycin (Rapamune, Wyeth- Ayerst Laboratories, 
Madison, NJ) has been employed recently as “rescue” immunosuppres- 
sion in those patients for whom persistent acute renal failure limits CyA 
or tacrolimus use. 

Other efficacious adjuncts for immunosuppression during the peri- 
operative period for those in renal failure include antithymocyte globulin 
and the murine anti-CD3 monoclonal antibody OKT3. However, the 
cytokine release syndrome associated with OKT3 can also contribute to 
the pathogenesis of transient ATN and, therefore, to renal dysfunction 
following transplantation ( 19 , 20 ). 
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Hypertension 

In addition to nephrotoxicity, calcineurin inhibitor use in solid organ 
transplantation is associated with hypertension development within the 
first 12 mo in nearly 70% of patients. Several mechanisms, including 
endothelin-mediated systemic vasoconstriction, impaired vasodilatation 
secondary to reduction in nitric oxide, activation of the sympathetic and 
renin-angiotensin systems, abnormalities in prostaglandin metabolism, 
and altered cytosolic calcium translocation are implicated as mecha- 
nisms in this process (21). 

Combined calcium-channel blockers and angiotensin-converting 
enzyme inhibitors are used for treatment of this clinical problem, achiev- 
ing blood pressure control in 65% of patients. Moreover, these agents 
may be beneficial in preventing cardiac allograft vasculopathy develop- 
ment, a long-term concern in cardiac transplantation (22). 

Osteoporosis 

Glucocorticoids and calcineurin inhibitors also are associated with 
significant osteoporosis and related pathologic fractures. Although fac- 
tors such as nutrition, gonadal status, and ambulatory status appear con- 
tributory, immunosuppressive drugs appear to be the main factor in 
posttransplant osteoporosis development (see Table 2) (23). 

Shane et al., from our institution, demonstrated that patients with 
heart failure have a 50% incidence of osteopenia and osteoporosis even 
prior to transplantation (24). However, transplant patients may de- 
velop fractures despite even normal bone mineral density. After trans- 
plantation, the most critical period of bone loss in organ recipients 
appears to be within the first 6 mo, with the most dramatic bone mass 
reduction occurring within the first 3 mo posttransplantation and with an 
annualized bone loss of as much as 20%. 

The trabecular bone of the spine appears to be most at risk, with 
vertebral fractures occurring most commonly. At 1 yr posttrans- 
plantation, documented bone mass losses include as much as 8.5% in the 
lumbar spine and 10.4% at the femoral neck as compared with 1 .4% and 
0.4%, respectively, in healthy controls ( 25 ^.Therefore, transplant recipi- 
ents should be evaluated regularly by bone mineral densitometry and 
measurement of vitamin D metabolites, blood urea nitrogen, creatinine, 
calcium, and phosphate. Also, gonadal function should be ascertained 
by measurement of serum levels of testosterone in males and estradiol 
in females. Bone turnover markers may help assess the remodeling rate, 
and therapy should be directed toward bone loss prevention and 
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Table 2 



Effects of Immunosuppressive Drugs on Bone Integrity 



Agent 


Ejfect on bone/mineral metabolism 


Glucocorticoids (systemic effects) 


Decrease in net calcium absorption 
Increase in urinary calcium excretion 
Increase in parathyroid hormone 
Decreased production of skeletal growth 
factors 

Decrease adrenal/gonadal androgen and 
estrogen synthesis 


Direct effects on bone 


Decreased bone formation by osteoblasts 
Increased bone resorption 


Calcineurin inhibitors 


Increased bone resportion 
Increased bone formation/serum 
osteocalcin 
Marked osteoporosis 
(resorption > formation) 
Decreased gonadal steroid synthesis 


Rapamycin 


Increased bone remodeling 
Inhibits longitudinal growth 
No short-term effects on bone volume 


Azathioprine 


Increased osteoclast number 
No change in bone volume 


Mycophenolate mofetil 


No change in bone volume 



From Am J Med, with permission ( 23 ). 



restoration of bone mass that is already lost. Administration of calcium, 
vitamin D, sex hormone replacement, and, potentially, bisphosphonates 
may help to attenuate these losses ( 26 - 28 ). 

In a study of the frequency and predictors of osteporotic fractures 
after cardiac transplantation, investigators at Heidelberg University 
assessed 105 consecutive heart transplant recipients for the presence of 
posttransplant vertebral fractures. In yr 1 and 2 after transplantation, the 
proportions of patients with at least one vertebral fracture were 21 and 
27%, respectively. In yr 3 and 4, one-third of patients had one or more 
vertebral fractures. Independent predictors of pathologic fracture, 
assessed by multivariate analysis, were age and lumbar bone-mineral 
density; interestingly, no dose-dependent effect of immunosuppressive 
therapy on fracture development was demonstrable ( 29 ). 
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Diabetes 

Diabetes mellitus is a common complication after heart transplanta- 
tion. Specifically, new-onset diabetes, related to continued high doses of 
steroids, constitutes a challenging problem. To establish the incidence of 
posttransplant diabetes mellitus and factors predictive of its develop- 
ment, a retrospective review was conducted at St. Vincent’s Hospital in 
Sydney, Australia. Here, the cumulative incidence of posttransplantation 
diabetes mellitus was 1 5 .7 % , where both a family history of diabetes and 
insulin need beyond the first 24 h after transplantation were factors 
predictive of posttransplant diabetes (30). 

Notably, heart transplantation in patients with pre-existing diabetes 
mellitus, but without the stigmata of diabetic end-organ dysfunction, is 
performed with reasonable success. Lang et al. at our institution demon- 
strated equivalent 1- and 3-yr survival for patients with and without 
diabetes (86% and 85% vs 87% and 84%, respectively) (31 ); these find- 
ings are in contrast with an earlier study by Czerny et al., who found 
significantly impaired 5-yr survival in diabetics when compared with 
controls (57.1% vs 67.6%) (32). Insulin dependence has little effect on 
survival; however, concerns remain as to the integrity of wound healing 
and the development of nephropathy, neuropathy, peripheral arterial 
occlusive disease, and retinopathy in this cohort. 

Gout 

Immunosuppressive therapy, with pretransplantation risk factors, 
accounts for an elevated incidence of posttransplant gout, in which 
management can be challenging because of medicinal interactions 
between anti-gout agents and common immunosuppressants. Although 
it is a seemingly indolent disease in the general population, gout, and its 
management, can manifest significant morbidity in the posttransplant state. 

To study gout’s clinical impact posttransplant, an audit was con- 
ducted of all patients transplanted at the Alfred Hospital before August 
1998. Two hundred twenty-five patients (81% men) were studied, with 
a mean posttransplant follow-up of 50.8 mo. Of these, 43 (19%) had 
pretransplant gout, with 19 posttransplantation recurrences; 23 patients 
developed gout de novo. Diuretic use, hypertension, and impaired renal 
function were more common in this subgroup. Of the 24 patients who 
received allopurinol, 6 developed pancytopenia and required hospital- 
ization, 14 received a change in immunosuppression (after pancytopenia 
development in 5 patients, and to enable safe use of allopurinol in 9), 32 
patients received colchicine, and 5 developed neuromyopathy. Nonste- 
roidal anti-inflammatory agents, used in 16 patients, caused serious 
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complications in 1 (life-threatening peptic ulceration and hemorrhage, 
precipitating dialysis-dependent chronic renal failure). Thus, cardiac 
transplant recipients, when treated for gout, are at high risk of iatrogenic 
medication-related complications ( 33 ). 

Similar to patients who have not undergone cardiac transplantation, 
factors such as obesity, a high-purine diet, regular alcohol consumption, 
and diuretic therapy may be correctable in cardiac transplantation 
patients. However, in patients with persistent hyperuricemia, therapy 
must be enacted to lower the serum urate concentration to an optimal 
level. The continuing challenge is educating patients about correctable 
factors and the importance of regular medication and ensuring their 
compliance so that gout attacks do not recur ( 34 ). 

Posttransplant Lymphoproliferative Disease 
and Other Malignancies 

Malignancies play a major role as a cause of death after cardiac trans- 
plantation, and they occur at a rate as high as 1-4% per year, a risk that 
is 10- to 100-fold higher than the risk in age-matched controls. Whereas 
malignant skin tumors and lymphomas occur most frequently, any solid 
organ tumor may develop (www.ctstransplant.org) ( 35 ). 

The risk of posttransplant lymphoproliferative disease (PTLD) was 
assessed in a cohort of 1563 patients who underwent cardiothoracic 
transplantation at Harefield Hospital from 1980 to 1994. Epstein-Barr 
virus (EBV) antibody titers were assessed prior to transplantation, and 
lymphoid neoplasms were evaluated for EBV ribonucleic acid and latent 
EBV gene expression. Thirty cases of PTLD occurred during follow-up, 
of which six were EBV-negative non-Hodgkin’s lymphoma. PTLD risk 
was significantly elevated in the yr 1 posttransplant in those patients who 
were EBV-seronegative pretransplant and in young seronegative recipi- 
ents of older donor organs; this risk diminished with age. In contrast, 
EBV-negative non-Hodgkin’s lymphoma occurred entirely in men over 
45 yr who were EBV-seropositive pretransplantation; this risk did not 
occur with greater frequency at any time posttransplant. 

Thus, PTLD risk appears to coincide with EBV etiology, with greater 
risk incurred from primary infection than from reactivation. A second 
non-Hodgkin’s lymphoid neoplasm, unrelated to EBV, also seems to be 
a consequence of transplant immunosuppression but is less likely to 
result from a prior infection by a ubiquitous agent ( 36 ). 

Investigators at our institution have demonstrated that PTLDs present 
along a disease spectrum pathologically as well as clinically ( 37 , 38 ). On 
one hand, some patients present with a mild flu-like illness and adenopa- 
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thy, which could go unnoticed to the untrained plysician. These patients 
may have complete resolution of their disease (labeled pathologically as 
atypical lymphoid hyperplasia-infectious mononucleosis-like) with 
small changes in their immunosuppressive regimen. On the other hand, 
others may present with frank carcinomatosis and extremely advanced 
disease, which pathologically resembles a monoclonal lymphoma; these 
patients generally require multimodality therapy in addition to reduction 
in their immunosuppression ( 38 ). 

We find that pathologic tumor clonality assessment assists in guiding 
therapy; those with polyclonal lymphoid populations are more likely to 
respond to less aggressive protocols, whereas those with monoclonal 
proliferations are less likely. For these reasons, we are aggressive in our 
efforts to obtain a tissue diagnosis of suspicious adenopathy and/or 
masses. Inevitably, first-line treatment involves a reduction in overall 
immunosuppressive regimen, and may or may not involve other more 
potent intravenous chemotherapy or radiation therapy, depending on 
response to intervention as well as tumor histology and grade. 

LIFESTYLE AND COMPLIANCE 

The success of cardiac transplantation is largely related to the 
recipient’s understanding of the unique challenges of living with a new 
heart, as well as to his or her compliance with the prescribed manage- 
ment regimen. Investigators at Leuven examined the prevalence of 
appointment noncompliance and its relationship to patient profile and 
clinical risk. The prevalence of appointment noncompliance in 1 0 1 heart 
transplant recipients was 7%, with noncompliers being significantly 
younger, less likely to live in a stable relationship with a partner, and 
more likely to be depressed, perceive their health as poorer, experience 
symptom distress, and have more frequent drug holidays. Of the 
appointment noncompliers, 57% experienced one or more late acute 
rejection episodes, compared with 2% of appointment compliers ( 39 ). 
These data are corroborated by Dew et al., who demonstrated a four- to 
sevenfold increased risk of rejection and vasculopathy in medication 
noncompliers. Significantly, patients who were noncompliant with a 
cholesterol-restricted diet had an 11 -fold increased risk of mortality. 
Noncompliance thus represents a critical behavioral risk factor in late 
acute rejection episode occurrence. 

Ideally, pretransplant patient profiles should allow the identification 
of patients at risk for appointment noncompliance. In 1995, investiga- 
tors at our institution demonstrated that as many as 34% of 1 25 transplant 
recipients studied were noncompliant. In their analysis, pre-operative 
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predictors of posttransplant noncompliance included substance abuse, 
suboptimal living arrangements, personality disorder, and global psy- 
chosocial risk ( 40 ). 

Similarly, investigators at the University of Pittsburgh evaluated 191 
heart transplant recipients prospectively to examine prevalence and risk 
factors for posttransplant major psychiatric illness. Factors increasing 
the cumulative risk for posttransplant psychiatric disorders included 
pretransplant psychiatric history, female gender, longer hospitalization, 
more impaired physical functional status, and fewer social supports from 
caregiver and family in the perioperative period. The effect of these risk 
factors was additive: the presence of an increasing number of risk factors 
bore a dose-response relationship to the cumulative disorder risk ( 41 ). 
Therefore, the effects of such psychiatric disorders must not be dis- 
counted. In a related study by the same investigators, posttraumatic 
stress disorder conferred a 13-fold increase in the risk of posttransplant 
mortality, and persistent depressive and anger/hostility symptoms 
increased the risk of arteriopathy four- to eightfold ( 42 ). 

Thus, noncompliance, whether in the presence or absence of psychi- 
atric illness, is associated with a substantial increase in posttransplant 
morbidity andmortality. Without question, concurrent psychiatric illness 
further impacts negatively upon social stability and, in doing so, may 
further detrimentally impact therapeutic conformity and long-term 
survival. 



TRANSPLANT VASCULOPATHY 

Transplant coronary artery disease (TCAD), or transplant vascul- 
opathy, an unusually accelerated and diffuse form of obliterative coro- 
nary arteriosclerosis, determines long-term transplanted heart function 
and represents the major cause of late death after cardiac transplantation. 
TCAD progression involves a complicated interplay between immuno- 
logic and nonimmunologic factors, ultimately resulting in repetitive 
vascular injury and a localized sustained inflammatory response ( 43 ). 
Dyslipidemia, oxidant stress, immunosuppressive drugs, endothelial 
dysfunction and viral infection appear to be important contributors to 
TCAD development ( 44 ). 

Clearly, early identification of transplant vasculopathy is essential to 
improve long-term prognosis. Annual coronary angiography is per- 
formed for diagnostic and surveillance purposes; however, intravascular 
ultrasound represents a more sensitive diagnostic tool to detect early 
disease and, often, subtle lumenal stenosis. Several pharmacological 
agents, including the calcium-channel blocker diltiazem (45 ) and statins 
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such as pravastatin (46) or simvastatin (47), are effective in attenuating 
the disease’s progression. However, because of the diffuse nature of 
transplant vasculopathy, neither percutaneous nor surgical revascu- 
larization procedures demonstrate efficacy. Thus, TCAD prevention 
represents a primary therapeutic goal to ensure long-term transplanta- 
tion success (48). 

RETRANSPLANTATION AND ALTERNATIVES 
TO RETRANSPLANTATION 

The incidence of transplant vasculopathy and tricuspid regurgitation 
(TR) require, in selected patients, consideration for elective reoperation 
and retransplantation. Although retransplantation results more than 
6 mo after primary transplantation are comparable to results after primary 
transplantation, acute retransplantation is associated with such poor 
results at most centers as to prohibit its endorsement (3,49). 

For patients not expected to benefit from retransplantation, other 
subsequent cardiac procedures may extend patient survival and protect 
graft function. A review of such adjunctive procedures was performed 
at Vanderbilt, where 17 of 360 patients (12 adults and 5 children) under- 
went a subsequent procedure requiring cardiopulmonary bypass, includ- 
ing cardiac retransplantation (10), coronary artery bypass grafting (3), 
aortic root replacement (2), tricuspid valve repair ( 1 ), and myotomy and 
myomectomy (1). The mean interval from transplantation time to sec- 
ond procedure was 8.3 yr. One patient died perioperatively, two retrans- 
plant patients died late postoperatively at 22 and 84 mo. Thus, in addition 
to retransplantation, a variety of subsequent cardiac procedures can be 
performed safely in carefully selected cardiac transplant recipients for 
whom intermediate-term results are gratifying regarding survival and 
freedom from symptoms (50). 

A fairly frequent occurrence posttransplant is TR development, often 
related either to endocarditis or to iatrogenic biopsy-induced injury. 
Investigators at the German Heart Center Berlin evaluated 647 recipi- 
ents for evidence of posttransplant TR. The overall prevalence of TR was 
20.1%, with mild TR seen in 14.5%, moderate TR in 3.1%, and severe 
TR (with right ventricular dysfunction) in 2.5%. Tricuspid valve pathol- 
ogy at operation most commonly revealed biopsy-induced rupture of the 
chordae tendineae at various valve segments, mostly at the anterior and 
posterior leaflets. Eleven patients received prosthetic valve replacements 
(four bioprostheses and seven mechanical valves), and six patients 
underwent valve reconstruction. One patient died perioperatively, and 
five died late because of infection, arrhythmia, and trauma. Ten patients 
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(62.5%) were alive at a mean follow-up time of 29.9 mo (range 4-8 1 mo) 
and nine survivors are in New York Heart Association classes I and II, 
and one is in class III. Thus, heart transplant recipients can safely undergo 
valve surgery with acceptable mortality, low morbidity, and excellent 
intermediate-term clinical results (51). 

FUTURE TRENDS 

Cell Transplantation and Myocyte Regrowth 

The concept of regenerating the heart in heart failure via cardio- 
myocyte transplantation remains experimental. Several approaches, 
including transplantation of embryonic cardiomyocytes (52), cryo- 
preserved (53) or bioengineered fetal cardiomyocytes (54), neonatal 
cardiac myocytes, skeletal myoblasts (55), autologous smooth muscle 
cells (56), and dermal fibroblasts (57) have been proposed. However, the 
further clinical application of these techniques is limited by several prob- 
lems, including chronic rejection in allogeneic cells, failure to develop 
sufficient intercellular gap junction communications, and differential 
patterns in excitation-contraction coupling in skeletal and cardiac 
myocytes. 

Alternatively, the transplantation of lineage-negative bone marrow 
cells (58) or bone marrow-derived endothelial precursor cells (with 
phenotypic and functional embryonic hemangioblast characteristics) is 
also proposed. The latter can be used directly to induce new blood vessel 
formation after experimental myocardial infarction, and is associated 
experimentally with decreased apoptosis of hypertrophied myocytes in 
the peri-infarct region, with long-term salvage and survival of viable 
myocardium, reduction in collagen deposition, and sustained improve- 
ment in cardiac function (59). 

Xenotransplantation 

Theoretically, xenotransplantation could provide an unlimited tissue 
and organ supply by using other species (e.g., baboons, pigs) as donors. 
Unsurprisingly, however, cross-species transplant rejection prevention 
remains a significant barrier, as are the public and ethical dilemmas 
surrounding xenotranplantation’s clinical application and the develop- 
ment of appropriate prophylaxis against so-called xenozoonoses (infec- 
tions transmitted across species). A source of continuing research and 
generative of pertinent immunological information for allotransplanta- 
tion, xenotransplantation is unlikely to offer an epidemiologically mean- 
ingful alternative to standard heart transplantation in the near future. 
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Mechanical Circulatory Support 

Mechanical circulatory support as a bridge (or alternative) to trans- 
plantation is addressed in Chapter 12. Briefly, mechanical circulatory 
systems are frequently used to support patients with severe heart failure 
as a bridge to transplantation or recovery or as destination therapy ( 60 ). 
Although early total artificial hearts (TAHs) and ventricular assist 
devices were powered mainly by external pneumatic drive units, the 
current generation of assist devices are electrically driven, ultracompact, 
and, in some cases, totally implantable. Most have small, wearable drive/ 
control consoles, allowing patients to return to daily activities (6iy, others 
in development generate power transcutaneously via magnet-based 
power systems. 

Recent enthusiasm also surrounds the clinical application of several 
TAH devices. Initially proposed as an alternative for patients in whom 
transplantation is not an option, these devices also may hold promise for 
those with end-stage transplant vasculopathy, in whom the development 
of other comorbidities (e.g., transplant-related renal failure) has rendered 
them ineligible for retransplantation. 

CONCLUSION 

Successful long-term outcomes following heart transplantation 
require the transplant team’s constant vigilance to identify and rectify 
even subtle changes in a recipient’ s physiology. Gradual deterioration of 
select organ systems (e.g., renal, bone) is anticipated and must be 
included in pretransplant education. However, not all immunosuppres- 
sion side effects need be manifest in every patient. Whereas new immu- 
nosuppression and therapies may ultimately impact posttransplant 
morbidities, here, as everywhere else in transplantation, assiduous 
patient compliance is of paramount importance to improve long-term 
outcomes. 
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INTRODUCTION 

A Brief History of Pediatric Cardiac Transplantation 

In 1967, Kantrowitz et al. transplanted a heart from an anencephalic 
infant to a 3-wk-old with complex congenital heart disease ( 1 ). Although 
the child died perioperatively, this pioneering surgery demonstrated the 
technical feasibility of replacing an infant heart. There was not much 
progress in pediatric transplantation over the following 15 yr, because, 
at the time, available immunosuppressive agents were inadequate to 
ensure long-term success. However, the introduction of cyclosporine 
(CyA) (Neoral, Sandoz Inc., East Hanover, NJ) in the early 1980s 
improved adult transplant patient survival, and, as a result, the number 
of centers interested in performing pediatric transplantation increased. 

Through the late 1980s and early 1990s, the number of children 
receiving heart transplants grew significantly (Fig. 1). Concomitantly 
with this growth of transplantation came the expertise in complex 
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Fig. 1. Actuarial survival by era of transplantation from 1 982 to 200 1 . Courtesy 
of the International Society of Heart and Lung Transplantation, with permis- 
sion (3). 

surgical techniques needed for transplanting congenital heart malforma- 
tions as well as improvement in recipient and donor selection. This rapid 
expansion of skill throughout the world, with increased knowledge of 
immunosuppression use and the introduction of new immunosuppres- 
sive therapies, has contributed to pediatric heart transplantation, which 
currently comprises approx 10% of all heart transplants ( 2 ). 

The most current data reported by the International Society of Heart 
and Lung Transplantation (ISHLT) registry indicate that 4,753 pediatric 
heart transplantations have been performed ( 2 ). Actuarial survival has 
improved consistently since 1982 (Fig. 1). This improvement is second- 
ary to decreased 1 yr mortality and probably reflects improved peri- 
operative management and/or better patient selection ( 3 ). For these 
reasons, heart transplantation is an accepted therapy for end-stage heart 
failure in infants and children. However, extended survival over decades 
remains uncertain. Late complications as a result of lifelong immuno- 
suppression or, conversely, inadequate immunosuppression for the trans- 
planted organ clearly limit the ultimate survival of transplant recipients. 
Additionally, an estimated 20% of pediatric patients continue to die 
waiting for a transplant ( 4 ); this number increases to 30% in patients less 
than 6 mo of age ( 5 ). Patient selection and optimal timing for listing must 
be weighed with respect to a finite donor pool when transplantation is 
considered for any child. 

This chapter reviews special considerations that apply to the selection 
and management of the pediatric cardiac transplant recipient. 
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Indications for Pediatric Heart Transplantation 

Cardiac transplantation is indicated in any patient with end-stage heart 
disease refractory to medical management in whom surgical palliation 
is not an option. The two major diagnostic categories in the pediatric 
age group are heart muscle myopathies and congenital heart disease, 
with the predominant diagnosis depending on the patient’s age. Accord- 
ing to the most recent ISHLT registry data, among pediatric transplant 
candidates, cardiomyopathy is diagnosed in less than 25% of infants 
below age 1 yr, 50% of children age 1-10 yr, and 62% of children age 
1 1-17 yr. In contrast, congenital heart disease is diagnosed in greater 
than 75% of infants less than age 1 yr, the majority with hypoplastic left 
heart syndrome (HLHS), 37% of children 1-10 yr and 24% of children 
ll-17yr. 

Symptoms of heart failure in children vary with age. In small children, 
feeding difficulties or respiratory complaints may be the presenting 
symptom. However, in older children, abdominal complaints of nausea, 
vomiting, and anorexia may be the primary symptoms (6). In general, 
referral to a heart transplant center for evaluation should be made if heart 
failure signs persist despite a maximal oral cardiotonic regimen. Addi- 
tionally, a patient who is frequently hospitalized for heart failure or 
respiratory complaints, growth failure, cardiac cachexia, anorexia and 
recurrent vomiting, or an unacceptably poor quality of life should be 
referred. 

One of the major objectives of the transplant referral process is to 
identify a potentially treatable etiology for the heart failure, making 
transplant unnecessary, or, conversely, identifying an etiology that would 
preclude transplantation. Examples of potentially treatable causes would 
include carnitine or selenium deficiency, anomalies of the coronary 
arteries, chronic atrial or ventricular arrhythmias, and myocarditis. 
Dilated cardiomyopathies can also be familial or associated with more 
global forms of skeletal myopathies. Whereas cardiomyopathy associ- 
ated with a stable skeletal myopathy is not a contraindication for trans- 
plantation, a degenerative muscular dystrophy would be. Also, other 
genetic, biochemical abnormalities of fatty acid, amino acid, glycogen, 
and mucopolysaccharide metabolism should be ruled out prior to con- 
sideration for transplant. Other contraindications are discussed later in 
this chapter. 

Most cardiologists agree that a child with end-stage heart failure who 
requires inotropic support should be evaluated for transplant. However, 
the combination of high pulmonary vascular resistance (PVR) and ino- 
tropic dependency is associated with poor outcome and death waiting for 
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heart transplantation (7). Therefore, clinicians caring for children with 
heart failure should refer them for transplant evaluation prior to progres- 
sion to inotropic dependency. 

Optimal Timing of Referral 

Once a patient is referred for heart transplantation, an extensive evalu- 
ation process begins; this includes assessments by a pediatric cardiolo- 
gist, a cardiothoracic surgeon, a transplant nurse specialist, a pediatric 
neurologist, a pediatric psychiatrist, a social worker, and a physical thera- 
pist. There are two goals of the referral process: (a) to identify any other 
available treatment options that would negate the need for transplanta- 
tion, and (b) if no such option exists, to decide the optimal time for listing 
and to delineate a therapeutic plan for the patient awaiting transplant. 

The optimal timing of heart transplant referral is prior to hemody- 
namic compromise or irreversible end-organ damage. Often, in pediat- 
rics, it is difficult to make this clinical prediction. To anticipate when to 
list a child for heart transplant, knowledge of the natural history of the 
particular heart disease and an understanding of donor waiting times is 
needed (8). 

Experience with pediatric retransplantation is growing as patient sur- 
vival posttransplant improves. Pediatric retransplantation accounts for 
10% of all pediatric transplantation (3). Limited published data exist on 
the subject; however, a review of a multicenter experience in the early 
1990s showed that the survival rate for pediatric retransplant recipients 
who survived beyond 6 mo was comparable to that for primary heart 
transplantation (9). More recently, single-center experiences reported 
no difference in actuarial patient survival between primary transplanta- 
tion and retransplantation (10-12). Given the high incidence of graft 
vasculopathy in pediatric patients who die suddenly (13), it is reasonable 
to consider patients for retransplantation if severe disease is found or in 
those who are experiencing episodes of ischemia. More investigation is 
needed in the pediatric age group to better define optimal retrans- 
plantation timing. 

PREOPERATIVE CONCERNS 

Diagnosis-Specific Considerations: Cardiomyopathy 

Cardiomyopathies represent a diverse number of diseases affecting 
the myocardial muscle. The annual incidence of cardiomyopathy, 
reported by the Pediatric Cardiomyopathy Registry, is 1 1.8 per million 
patient years. When divided by functional type, 49% of the cases are 
dilated, 40% are hypertrophic, 3% are restrictive, and 8% are unspeci- 
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fied (14). The most common type to require heart transplantation is 
dilated cardiomyopathy, and the natural history of pediatric patients 
with idiopathic dilated cardiomyopathy is extremely variable, with a 
wide range of clinical outcomes (15-22). Some children with severely 
depressed left ventricular (LV) function can remain asymptomatic for 
years until a viral illness exhausts their cardiac reserves. Others become 
symptomatic and deteriorate quickly. 

Attempts have been made to identify prognostic factors associated 
with outcome in dilated cardiomyopathy, but data are conflicting, not 
only because the disease process is variable but also because single- 
institution reports on children do not have sufficient numbers of patients. 
A favorable prognosis is associated with LV hypertrophy (16) and a 
recent viral illness (22). Poor prognosis is associated with age less than 
2 yr at presentation (20), a family history of cardiomyopathy ( 20), devel- 
opment of significant atrial or ventricular arrhythmias (15,16,20), LV 
ejection fraction of less than 30% ( 18,19,21),aLV end-diastolic pressure 
of more than 25 mmHg (15), and persistent congestive heart failure (17). 
Others dispute some of these correlations (15-17,19,21). Therefore, in 
children, it is often difficult and overly simplistic to determine mortality 
risk by one or two of these factors. As heart failure research and clinical 
application progress, newer modalities such as P-blocker therapy in 
children may change existing risk stratification paradigms (23-25). As 
more medical therapy becomes available for patients with heart failure, 
the need for heart transplantation may be delayed or unnecessary in some 
patients with dilated cardiomyopathy. Far fewer patients with hyper- 
trophic cardiomyopathy require heart transplantation. Hypertrophic 
cardiomyopathies have a variable natural history and clinical expres- 
sion. Although patients with this disorder have diastolic dysfunction, 
most have preserved LV systolic function. The unpredictable risk of 
sudden death resulting from ventricular tachyarrhythmia, higher in chil- 
dren than adults, makes this patient group particularly difficult to treat 
(26). Because of the present availability of implantable defibrillators and 
newer antiarrhythmic medications, the majority of these children would 
not need to be considered for transplant for this reason alone. However, 
uncontrollable arrhythmia would justify a transplant evaluation. When 
present, surgical relief of severe obstruction may defer the need for 
cardiac transplantation for many years. 

Usually, referral is indicated when a patient begins to have systolic 
ventricular dysfunction in addition to baseline diastolic dysfunction. In 
a rare patient, diastolic dysfunction alone is severe enough to warrant 
transplantation. An infant with severe hypertrophic cardiomyopathy 
should have a full genetic and metabolic work-up. The presence of a 
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systemic metabolic derangement may affect the decision to list for trans- 
plantation. 

Restrictive cardiomyopathy, the rarest myopathy form in children, 
carries a poor prognosis with rapid deterioration and a high mortality rate 
when patients experience significant heart failure (27-31). In these 
patients, cardiac transplantation appears to be the only viable treatment 
option. Because there is preservation of LV systolic function, the presen- 
tation of these children can be subtle, and pulmonary vascular disease 
progression may precede overt heart failure symptom development and, 
thereby, preclude successful orthotopic transplantation. Children with 
idiopathic restrictive cardiomyopathy should undergo serial monitoring 
of their PVR indices, starting with a baseline catheterization at presen- 
tation. A rise in PVR index (PVRI) in association with even subtle symp- 
toms should prompt a transplant evaluation and early listing. 

Diagnosis-Specific Considerations: Congenital Heart Disease 

Advances in surgical and medical management have greatly improved 
the long-term survival of patients with congenital heart disease. 
However, late myocardial dysfunction can occur following palliative or 
corrective surgery and is the most common cause of morbidity and death 
in these patients. Of all patients with congenital heart disease, it has been 
estimated that 10-20% will be potential candidates for a heart or heart- 
lung transplantation at some time during their lives (32). These patients 
present multiple unique surgical and medical challenges because of their 
complex anatomies, palliative and corrective prior procedures, and 
overall debilitated health (33,34). However, currently, congenital heart 
disease is as common an indication for transplantation as cardiomy- 
opathy (3). 

The most common congenital heart lesions requiring heart transplan- 
tation are forms of complex single ventricles. In the infant population, 
this includes patients with hypoplastic LVs or right ventricles (RVs). 
Patients with HLHS comprise the largest number in this group (35). 
Although the Norwood procedure is available and has had successful 
long-term results, it is a palliative operation ultimately leading to a Fontan 
procedure, and the outcome varies greatly among centers. However, 
choosing transplantation as the primary operation incurs a significant 
mortality risk during the wait for a donor organ and requires a commit- 
ment to lifelong immunosuppression. The decision to perform a 
Norwood procedure as a first operation in these patients is most often 
center-specific but is also driven by donor organ availability. 

Other congenital lesions that are considered indications for transplan- 
tation are those for which palliative surgery carries an unacceptably high 
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mortality risk. This includes pulmonary atresia with intact ventricular 
septum and coronary compromise, univentricular hearts with severe 
atrioventricular valve regurgitation or severe ventricular dysfunction, or 
complex heterotaxy syndrome. 

In older children and young adults with congenital heart disease, two 
major diagnostic groups present for transplant. One is comprised of 
patients with biventricular repairs who, subsequently, develop myocar- 
dial dysfunction. The other group consists of patients with palliated 
single ventricles who have developed poor systemic ventricular function 
or have a poor hemodynamic result following palliation. The latter are 
most commonly patients with failed Fontan physiology. Children and 
young adults with failed Fontans constitute a rapidly growing group that 
will require future cardiac transplantation ( 36 - 38 ). 

Overall, the majority of patients with cardiomyopathy or congenital 
heart disease who require transplantation have severe systemic ventri- 
cular dysfunction. However, in a patient with a single ventricle and a 
Fontan repair, there is no pulmonary ventricle; therefore, the cardiac 
output from the ventricle is dependent on passive pulmonary blood flow. 
In these patients, even a mild decrease in LV function or a decrease in 
diastolic compliance, particularly in combination with an abnormality in 
lung function or perfusion, could be responsible for low cardiac output 
(a failure of forward flow) and makes transplantation the only survival 
option. Sometimes, other conditions, such as pulmonary disease or bron- 
chopulmonary collaterals, may compete with the passive pulmonary 
flow; treatment of these conditions or embolization may obviate or delay 
the need for a transplant. 

Additional transplant referral criteria for patients with congenital heart 
disease and relatively normal ventricular function would include growth 
failure, severe protein-losing enteropathy, cardiac cachexia, and severe 
cyanosis secondary to arteriovenous malformations ( 39 ). The complex- 
ity of these lesions dictates that all children and young adults with 
congenital heart disease who require a transplant be evaluated at an 
established congenital heart surgical center to ensure that other operative 
and medical alternatives are exhausted and that all necessary preoperative 
questions are answered. 

Contraindications in Children 

Improvements in surgical techniques and perioperative and post- 
operative care have allowed successful transplantation in high-risk 
patients. Consequently, many historical absolute contraindications to 
transplantation have become relative. Orthotopic cardiac transplanta- 
tion is feasible for most complex congenital heart lesions if the pulmo- 
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nary arteries (PAs) and veins are of reasonable size and PVR is not 
excessive (40,41). 

A high, fixed PVR is an absolute contraindication for orthotopic 
cardiac transplantation. However, elevated PVR should be considered a 
continuum of risk, and the absolute upper limit resistance is not well 
defined. Generally, patients with a PVRI less than 6 indexed Woods 
units are at low risk for developing right heart failure (RHF) (42). If the 
PVRI is greater than 6 indexed Woods units, pharmacological testing 
with pulmonary vasodilators in the catheterization lab is warranted to 
assess reactivity of the PA bed (42-44). At the same time, the medical 
regimen should be optimized by adding intravenous inotropes and 
vasodilator therapy, when the cardiac index is extremely low, or altering 
the patient’s oral regimen, if he or she is stable. If acute testing is initially 
unsuccessful in dropping the PVRI, a course of tailored inotropes and 
vasodilators, including various combinations of dobutamine, milrinone, 
nitroprusside, nitric oxide (NO), and prostacyclin, may achieve a 
decrease in PVRI (42-44). 

Transplantation with a PVRI greater than 6 Woods units, even after 
drug testing, is possible, although RHF risk is reported to be as high as 
40% with a mortality of 15% (42). Patients with a fixed PVRI greater 
than 10 indexed Woods units despite all treatment should be evaluated 
for a heart-double lung, heart-single lung, or heterotopic transplanta- 
tion, unless a longer-term vasodilator and inotrope trial are deemed 
useful. 

Active malignancy is a contraindication to heart transplantation. 
However, growing experience with transplantation in survivors of child- 
hood cancers shows excellent survival in children who have developed 
adriamycin cardiomyopathy ( 45,46). An optimal disease-free interval is 
hard to estimate and may be based on the nature of the primary tumor and 
disease progression at diagnosis time. Some investigators recommend a 
1-yr disease-free interval after completion of adequate cancer therapy 
prior to transplantation (45). 

Other medical exclusion criteria include irreversible multi-organ fail- 
ure, degenerative neurological disorders, or other systemic diseases that 
are life-limiting despite treatment. 

Additionally, psychosocial stability in the child and family has a major 
effect on the successful organ transplantation outcome. An intact family 
support structure or a legal guardian is necessary before transplantation 
is considered. Lack of an adequate caretaker, active drug or alcohol 
abuse, or an untreated major psychiatric disorder are absolute exclusion 
criteria for transplantation. Similarly, a documented history of signifi- 
cant medical noncompliance in the patient or family is a risk factor 
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associated with a poor outcome and should be considered a relative 
contraindication to transplant ( 47 - 49 ). 

Pretransplant Management Unique to Children 

When the evaluation is complete, data are reviewed by the Pediatric 
Cardiac Transplant Team, which is responsible, with the family, for the 
decision to list a patient for transplantation. If a child’s immunizations 
are not current, or if the child is nonimmunized but clinically stable, he 
or she can receive an age-appropriate set at listing time, with the excep- 
tion of live viral vaccines. Patients on the active waiting list who are not 
hospitalized need close outpatient follow-up and repeat hemodynamic 
monitoring every 6-12 mo, depending on their diagnoses, to recheck 
PVR and determine the necessity and suitability of remaining on the list. 

The majority of children waiting for heart transplantation are in the 
hospital. Many require permanent central venous access for inotropic 
support, monitoring hemodynamics, nutrition, anticoagulation, and 
blood draws. Swan-Ganz catheters are appropriate management in the 
hospital setting, though they are contraindicated in some children with 
congenital lesions and are not possible in others. Anticoagulation therapy 
is strongly recommended in pediatric patients with poor ventricular func- 
tion, as these patients are at risk for both acute pulmonary emboli and 
cerebrovascular accidents ( 50 ). 

Many infants with congenital heart disease waiting for transplanta- 
tion have ductal-dependent lesions and must remain in the hospital on 
continuous prostglandin El infusions to maintain ductal patency after 
birth. Patients with HLHS comprise the largest part of this group. 
Stenting of the ductus arteriosus to avoid long-term prostaglandin has 
been reported ( 51 ). 

After birth, PVR gradually falls. As a result, those patients with mix- 
ing lesions have an increase in pulmonary blood flow at the expense of 
systemic blood flow. The challenge in managing these children to a 
successful transplant is balancing the flow to both the pulmonary and 
systemic circulation, ideally as a 1:1 shunt. Some strategies to limit 
pulmonary blood flow in the face of falling PVR include decreasing the 
prostaglandin El dose to the minimal necessary to maintain ductal 
patency and maintaining the patient on room air. In the event that the 
patient requires mechanical ventilation, mild hypoventilation to keep 
pCo 2 greater than 40 mmHg may also improve pulmonary-to-systemic 
circulation balance. 

Also, maintaining adequate nutrition and avoiding infection is impor- 
tant while these infants wait for transplant. Infants and small children are 
at particular risk for anemia while waiting for transplantation because of 
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frequent blood draws and poor nutritional states. In this population, daily 
erythropoietin injections decrease the need for blood transfusions and, there- 
fore, may decrease the risk of preformed antibody development (52). 

As end-stage heart failure worsens, so does end-organ perfusion and 
function. Intervention with mechanical support prior to severe low out- 
put and cardiac arrest may reverse end-organ dysfunction and allow the 
patient to remain a potential transplant recipient. Extracorporeal mem- 
brane oxygenation (ECMO) with decompression of the LV has been 
used successfully as a bridge to transplant (53-55). Although ECMO is 
the most widely used support system in pediatrics because of patient size 
restrictions, its complications are considerable, including bleeding, 
infection, and thromboembolism. It is a circuit based on nonpulsatile 
flow so that, although end-organ function may be recovered initially, its 
optimal use is usually limited to 2 or 3 wk. In adolescents, who have 
larger body surface area, implantable LV assist devices can successfully 
bridge patients to transplant (56). 

Experience with paracorporeal pneumatic ventricular assist devices 
(VADs) is growing in Europe (57,58). These devices have been used in 
children weighing 3.2-52 kg. The smallest child in this series was a 
patient with pulmonary atresia and an intact ventricular septum who 
underwent a Blalock-Taussing shunt and had a myocardial infarct post- 
surgery. This patient did not survive, and the authors suggest that these 
devices are not appropriate for patients with intracardiac shunts (57). 
However, successful bridging to transplant was achieved in both series, 
with the longest device used for 98 d. 

DONOR AND OPERATIVE CONCERNS 
Donor Heart Procurement 

Children with congenital heart disease account for almost 50% of 
heart transplants in the pediatric age group (3). Over the past 20 yr, 
experience transplanting numerous congenital heart variants has con- 
tributed to an expertise level such that few anatomic combinations are 
considered a contraindication to heart transplantation (59-68). Often, 
heart transplantation for congenital heart defects is performed after 
multiple palliative operations and presents special surgical challenges. 
Success depends on recognition of the recipient anatomic needs by the 
harvesting surgical team at procurement time. These recipients’ complex 
hearts may have abnormalities in their situs, systemic venous return, 
pulmonary venous return, and great vessels. Orientation of the heart 
relative to the systemic and pulmonary venous return is important to 
avoid obstruction at the anastomosis sites. Previous palliative operations 
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may result in discontinuous, shunted, or banded PAs. Creative use of 
donor tissue is necessary when recreating normal anatomy in complex 
hearts. Therefore, in such a situation, the donor heart should be procured 
with additional length of superior vena cava (SVC), aorta, and PA, as 
needed. 

There is a limited supply of adequate donor hearts. In choosing a 
donor for a pediatric patient, donor-recipient size mismatch is common. 
Experience shows that the acceptable weight range for a particular donor 
can be broad and sometimes triples that of the recipient weight ( 69 ). This 
is particularly true in recipients who have significant cardiomegaly, 
because there is greater pericardial space to accommodate a larger organ. 
In the operating room (OR), special attention to tailoring the mismatch 
in great vessel size is necessary. In recipients whose native hearts are not 
enlarged, such as in restrictive cardiomyopathy and some congenital 
lesions, donor size must match more closely to prevent postoperative 
restriction and tamponade caused by the smaller pericardial space. 

In January 1999, the United Network for Organ Sharing (UNOS) in 
the United States changed its algorithm for donor heart allocation ( 70 ). 
In the past, both blood group O and pediatric candidates were at a dis- 
advantage when compared with other groups. Children, mostly in the 
adolescent age group, were competing with adults for donor organs. 
Often, advanced-age donor hearts were given to adolescents, and adult 
recipients received adolescent donor hearts, based solely on length of 
time on the waiting list. 

However, data show that receiving a heart from an advanced-age 
donor adversely affects survival in pediatric heart transplant recipients. 
One-yr survival is reported as low as 20% using donor hearts greater than 
40 yr of age ( 71 ). The new UNOS allocation system mandates that an 
adolescent donor heart be offered to a pediatric patient in the most urgent 
status before being given to an adult. Because pediatric patients repre- 
sent a small percentage of the heart transplant waiting list, this change 
could make a tremendous difference on a child’ s life span without greatly 
affecting donor acquisition in the adult population. 

Transplanting AB 0-incompatible hearts is a potentially unique 
procedure in infants requiring heart transplantation. This practice is 
contraindicated in adults, because of hyperacute rejection risk caused by 
preformed recipient antibodies to the donor blood group antigens. How- 
ever, infants do not produce antibody to blood group antigens until 
approx 1 yr. Additionally, the newborn’s complement system remains 
immature for some time. These factors spare the infant from hyperacute 
rejection. Pioneering clinical work on transplantation across ABO blood 
groups was performed at the Hospital for Sick Children and University 
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of Toronto because of an almost 50% recipient demise on the infant wait 
list. The investigators reported transplantation of ABO-incompatible 
hearts in infants with favorable results (72). Isolated centers around the 
world have followed suit to improve donor availability for infants. 

Operative Management 

Heart transplantations in children with complex congenital heart le- 
sions are now easily performed using technically creative surgical solu- 
tions devised to repair systemic and venous anomalies, heterotaxy 
syndromes, HLHS, dextrocardia, and transposition of the great arteries. 
These specific strategies are discussed in Chapter 5. 

Orthotopic heart transplantation has been performed successfully to 
a “physiologic” single lung. This term is used in any patient in whom, 
because of unilateral pulmonary hypertension or an anatomical reason, 
there is only cardiac blood flow to a single lung. Such cases arise when 
there is PA discontinuity caused by a classic Glenn anastomosis (SVC 
to right pulmonary artery [RPA]) or an isolated left pulmonary artery 
(LPA). In these cases, RPA anatomy and pressures are normal; however, 
the LPA is hypertensive or absent as a result of aortopulmonary shunts, 
collaterals, or unilateral pulmonary vein stenosis. Previously, such patients 
required a heart-lung transplant because of donor RHF risk. Patients 
have been successfully transplanted with an orthotopic heart to a single 
lung with excellent results (73). PA reconstruction can be accomplished 
successfully at transplantation time and even connected to the “hyper- 
tensive” lung; however, blood flows only to the normotensive lung. 

Perioperative management 

The intraoperative and immediate postoperative management of trans- 
plant patients is directed at optimizing allograft function in the face of 
three variables: acute denervation, prolonged ischemia, and acclimation 
to the recipient’s hemodynamic environment. The newly transplanted 
heart has a relatively fixed stroke volume, and, therefore, an increased 
heart rate is necessary to augment cardiac output. Typically, a heart rate 
of 100 beats per minute (bpm) in an adolescent or 120 bpm in a smaller 
child is desirable early after transplant. In infants, faster heart rates are 
often necessary. Augmented heart rates can be achieved with inotropes 
or atrial pacing. In addition, agents such as isoproterenol are helpful in 
that they offer inotropy, chonotropy, and pulmonary vasodilatation. 

Often, despite the ischemic insult the donor organ receives, systolic 
function recovers rapidly. Diastolic dysfunction may persist for several 
weeks. The newly transplanted heart benefits from the addition of low- 
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dose inotropes in the early postoperative period, although they are 
frequently not necessary for long in a patient with a short ischemic time 
and low PVR. 

Similarly to other pediatric patients who undergo open heart proce- 
dures, early extubation is desirable and achievable in patients with good 
graft function and low PVR. In children who receive a large donor heart, 
maximizing pulmonary toilet is warranted to alleviate potential left lower 
lung compression caused by the oversized heart. A period of nasal con- 
tinuous positive airway pressure after extubation may be helpful. 

Immediate postoperative care in children with high PVR varies sig- 
nificantly. Efforts begin preoperatively to decrease resistance with a 
tailored regimen based on trials in the catheterization laboratory. Begin- 
ning in the OR when coming off bypass, these patients are restarted on 
vasodilators, such as nitric oxide, milrinone, dobutamine, or pro- 
stacyclin, and are continued on them as needed for an extended time. 
Initially, deep sedation and an effort to maintain a mildly alkalotic state 
with PO 2 30-40 mmHg with adequate oxygenation, maintaining PCO 2 
greater than 100 mmHg and no metabolic acidosis, are necessary to 
minimize the PVR. A more prolonged intubation may be required. 
Usually, the RV responds to its new hemodynamic environment within 
the first 2 or 3 d. The right heart may seem unaffected in the first 24 h; 
however, failure can occur following this honeymoon period. For persis- 
tent elevated PVR after transplant and RV failure, the right heart may 
need to be rested and then trained for a short period on a VAD (74). In 
these circumstances, the RV usually shows recovery signs within 3-6 d 
and is then able to support the circulation (75). 

POSTOPERATIVE MANAGEMENT 
Immunosuppression 

In the absence of data available from pediatric clinical trials, most 
management is patient-tailored f 76-79). Approximately 40% of patients 
receive induction therapy in the form of a polyclonal anti-T-cell prepa- 
ration. The remaining patients receive either OKT3 or interleukin-2 
receptor antibody (3). 

Between October 1999 and December 2001, at the time of discharge 
from the hospital, CyA and tacrolimus (Prograf, Fujisawa Healthcar, 
Deerfield, IL) were used to nearly the same extent. However, more 
recipients reported taking CyA at 1 -yr follow-up. Mycophenolate mofetil 
(MMF) was used in 50% of patients at the time of discharge and in 30% 
at 1-yr follow-up. Prednisone was used in 67% of patients at the time of 
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discharge and in less than 50% at 1 -yr follow-up. Rapamycin (Rapamune, 
Wyeth-Ayerst Laboratories, Madison, NJ) is now used in a small 
percentage of patients at hospital discharge ( 3 ) (Fig. 2). 

In contrast, from April 1994 through December 1999, CyA was used 
in 80% of patients at discharge and in 75% at 1-yr follow-up; azio- 
thioprine was used in 75% of patients at discharge; and MMF was used 
in less than 20% of patients at discharge. The practice of weaning patients 
from steroids shortly after transplant has remained consistent, with 50% 
of patients on prednisone at 1-yr follow-up ( 80 ). 

The greater diversity of immunosuppressive agents currently avail- 
able allows the clinician to tailor management to each patient. However, 
several principles guide the choice of immunosuppression at each cen- 
ter. First, combination therapy minimizes the side effects of any single 
drug while targeting multiple steps in the T-cell activation cascade. 
Calcineurin inhibitors are the primary immunosuppressants. 

The nephrotoxic effects of the calcineurin inhibitors in children are 
similar to those in adults; however children are anticipated to be on these 
drugs for several additional years. Some specific side effects of each 
drug may be minimized if lower doses can be used with additional drugs. 
For instance, gingival hyperplasia and the hypertrichosis associated with 
CyA are usually less severe if lower doses are allowed by multiple 
immunosuppressive drug use. Common adjunct therapy consists of aza- 
thioprine and MMF. 

Corticosteroids are used in the majority of initial immunosuppressive 
regimens. The side effects of steroids (most notably the growth 
retardation associated with them) have encouraged many to attempt 
steroid withdrawal as soon as possible, a strategy that yields mixed 
success ( 76 , 79 ). 

In general, children metabolize drugs more quickly than adults, thus 
blood trough levels are needed to monitor and correctly dose CyA, 
tacrolimus, and MMF. In some circumstances, it is necessary to greatly 
increase the amount and/or frequency of the dose to achieve therapeutic 
levels. Because metabolism in children changes with time, particularly 
during growth, it is necessary to monitor drug levels more frequently 
than in adults. It is common to find an unexpected rejection late after 
transplant in a patient who has not been monitored closely or who has 
“outgrown” his or her drugs. 

Another, more common, problem in childhood transplantation is the 
frequent use of antibiotics and their interaction with immunosuppres- 
sants. Young children have an increased incidence of infections as they 
grow and gain natural immunity. Many newer antibiotics that are pre- 
scribed by pediatricians can dramatically change CyA or tacrolimus 
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Fig. 2. Maintenance immunosuppression in pediatric heart transplant recipients 
from 1999 to 2001. Courtesy of the International Society of Heart and Lung 
Transplantation, with permission (3). 



metabolism and, thereby, their associated blood levels. Families and 
physicians should be counseled to review antibiotics choices with the 
transplant team to prevent toxicity or inadequate immunosuppression. 

Noncompliance with medications occurs in at least 25% of pediatric 
patients and is a risk factor for acute rejection, late rejection, graft 
vasculopathy, and death (47^81-85). The transplant team’s assessment 
of stress, resources, and coping of the recipient and family is as integral 
and essential to the patient’ s longevity as the proper immunosuppressive 
regimen. The evaluation must focus not only on the child at various ages 
and developmental levels but also on the parents, including their 
parenting skills and ability to understand and follow directions. Height- 
ened vigilance and education, particularly as the patient reaches adoles- 
cence (even if he or she was compliant during childhood), is important 
for preventing the sequela of noncompliance (85,86). 

Acute Rejection 

Most pediatric heart transplant recipients experience at least one 
rejection episode during their lifetimes, and the majority of these are in 
the first 3 mo after transplantation (87-89). The ideal method for 
diagnosing acute rejection remains controversial in the pediatric 
population. The “gold standard” of rejection surveillance is endo- 
myocardial biopsy, which, at present, remains the only direct method for 
early rejection detection, as well as an important means for determining 
adequacy of rejection episode treatment. However, those centers that 
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have a large neonatal and infant population rely primarily on physical 
examination and echocardiography ( 87 , 90 ). 

In the newborn and young child, rejection may have more manifest 
symptoms in a less aggressive stage. Symptoms including irritability, 
poor feeding, nausea, abdominal pain, or changes in sleep pattern and 
signs including fever, tachycardia, hepatosplenomegaly, new murmur, 
gallop, or arrhythmia are described as consistent with rejection ( 87 ). 
Because endomyocardial biopsies are not typically performed frequently 
on infants and children, it remains unclear whether histologic findings 
precede symptoms and for how long. 

In older children, clinical parameters are usually insensitive rejection 
indicators, often until myocardial performance is compromised. Rejec- 
tion with hemodynamic compromise, an unambiguous clinical finding, 
is associated with a poor outcome ( 91 ). 

Graft Vasculopathy 

The prevalence of graft vasculopathy is reported to be between 7% 
and 19% and remains the most significant obstacle to longevity in pedi- 
atric patients ( 47 , 84 , 92 - 94 ). However, this may be an underestimation 
given the screening tools available to detect disease. Graft vasculopathy 
is associated with late rejection episodes, increased numbers of rejec- 
tions, and noncompliance ( 47 , 93 , 94 ). 

When coronary artery disease has been detected, modification of 
immunosuppression to halt or slow disease progression has been 
attempted. Coronary artery stents and coronary artery bypass, used with 
limited success in the adult population, generally are not feasible in the 
pediatric population but have been attempted in select patients ( 95 - 97 ). 
Graft vasculopathy increases the risk of a poor outcome and sudden 
death in the pediatric population, especially in the face of noncompli- 
ance ( 47 ). Currently, there are no treatment options proven to prevent or 
halt disease progression, and retransplantation is the only option when 
disease is severe. Unfortunately, numerous of patients are found to have 
coronary artery disease after they have died suddenly, a phenomenon 
resulting from both the inadequacy of angiography to detect small vessel 
disease and the rapidity of the immune-based pathologic process ( 13 , 92 ). 

Posttransplant Lymphoproliferative Disease 

The incidence of posttransplant lymphoproliferative disease (PTLD) 
in pediatric heart transplant recipients is reported between 13% and 26% 
( 84 , 98 - 1 00 ). The majority of cases are related to a primary Epstein-Barr 
virus (EBV) infection and seroconversion of EBV titers ( 98 , 99 , 101 ). 
The incidence is higher in children because most children are EBV- 
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negative prior to transplant; many convert during normal childhood ill- 
ness or contract the virus from their grafts. Clinical manifestations can 
be as vague as fever and malaise or fulminant, as with gastrointestinal 
bleeding. In cases where involvement is localized to the tonsils and 
adenoids, a history of recurrent sinusitis and snoring is common (98). 

Treatment for the disease includes reduction or temporary cessation 
of immunosuppression. This approach is effective in the majority of 
cases, especially when the disease is polyclonal. The addition of antivi- 
ral medication, immunoglobulin, and anti-monoclonal antibodies, such 
as rituximab (Rituxan, Genentech Inc., South San Francisco, CA), may 
provide benefit in treating polyclonal disease, although limited data are 
available ( 98-1 01). It is important to monitor closely for allograft rejec- 
tion when reducing immunosuppression, as it frequently occurs and may 
be the cause of death following successful cure of PTLD f99,700j. Poly- 
morphic disease is more common and tends to respond to treatment 
better than the rare monomorphic disease forms that do not respond to 
this therapy. In these cases, chemotherapy is required (98,100,101). 

Infection 

Although most infectious concerns in heart transplantation are simi- 
lar for adults and the older child, the young child warrants special men- 
tion. Age at transplantation is an important risk factor for infection. The 
young infant has an increased risk of mortality from infection compared 
to the older heart transplant recipient (702 j. Age is also relevant when 
considering the chance of prior exposure to certain infectious agents. 
Younger children are less likely to have been exposed to cytomegalovi- 
rus and EBV. They are less likely to have had varicella and more likely 
to be exposed after transplantation. 

Age also determines the number of immunizations the patient has 
received. Children who are not fully immunized prior to transplant- 
ation require vaccination after transplantation. Immunizations should 
be delayed following transplant until immunosuppression is weaned to 
maintenance levels. Prior to this, the child’ s ability to mount an immune 
response may be deficient. Live viral vaccines are not recommended (103). 

Growth After Transplantation 

A pediatric cardiac allograft must increase in size over the course of 
a lifetime. Even when markedly oversized donors are used, ventricular 
volumes, indexed to recipient body size, tend to normalize early after 
transplant. During follow-up, ventricular volumes remain approximate 
for recipient body size. Great vessel growth is also appropriate ( 104-106). 
Somatic growth is variable. In general, infant heart transplant recipients 




220 



Chapter 10 / Pediatric Heart Transplantation 



grow normally, although patients’ height percentiles tend to be below 
age normal means in the lowest quartile (106-108). This appears true 
despite the different immunosuppressive protocols used by pediatric 
centers with variable steroid use (106, 108). In children and adolescents, 
growth is normal despite a lack of catch-up growth initially after trans- 
plant, which ultimately may impinge on final adult height. Weight usu- 
ally increases dramatically in patients in yr 1 after transplant, particularly 
in those pediatric patients with a predilection to be overweight, but tends 
to slow over time when immunosuppression medications are weaned. 
Pubertal development in adolescence is normal (108). 

CONCLUSION 

Enormous progress has been made in pediatric heart transplantation 
over the last 20 yr. The use of VADs and the continued development of 
these devices for the smallest patients will allow more infants and chil- 
dren to be bridged to transplant successfully. Late complications and the 
long-term effects of immunosuppression are ongoing challenges for 
clinicians caring for these patients. Newer immunosuppressive drugs 
and therapeutic modalities have enhanced ability to treat acute and 
chronic rejection and PTLD. However, with the inflexible medication 
regimen currently required for success, noncompliance risk continues to 
jeopardize long-term survival, particularly in the adolescent age group. 
Continued therapy refinement and the discovery of ways to induce tol- 
erance promise to improving longevity and quality of life in the pediatric 
transplant recipient. 

Although it is not a cure for end-stage heart disease, as a palliative 
therapy, cardiac transplantation potentially allows the recipient to enjoy 
a full and active life inhibited only by daily medications and chronic 
medical surveillance. 
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INTRODUCTION 

Congestive heart failure (CHF) is a leading cause of hospital admis- 
sions in the United States (1). Heart failure affects over 400,000 people 
in the United States each year and accounts for a 1-yr mortality rate of 
60% in this population (2,3). When maximal medical therapy is insuf- 
ficient in stabilizing myocardial function and surgical options fail or do 
not exist, heart transplantation is the final recourse. Because a limited 
donor organ pool exists, with only 2500 heart transplants in the United 
States each year priority is given to patients with limited life expect- 
ancy and no medical or surgical alternatives. 

Currently, optimal medical management of patients awaiting cardiac 
transplantation is confined to inotropic support, afterload-reducing 
agents, diuretics, and internal cardioverter-defibrillators (3). However, 
despite aggressive nonsurgical management, the mortality rates for 



From: Contemporary Cardiology: Cardiac Transplantation: 

The Columbia University Medical Center/New York-Presbyterian Hospital Manual 
Edited by: N. M. Edwards, J. M. Chen, and P. A. Mazzeo © Humana Press Inc., Totowa, NJ 



227 




228 



Chapter 11/ Surgical Alternatives to Transplantation 



patients on the heart transplant waiting list remains high (7,5j. To address 
this problem, many alternative surgical procedures have been conceived 
and used in heart failure treatment . These procedures have been used 
with varying indications, degrees of efficacy, and associated risks. For 
the purposes of this chapter, the major surgical approaches to heart failure 
management are categorized according to their principal mode of thera- 
peutic benefit: (a) revascularization of ischemic myocardium, (b) repair 
of structural defects causing pressure overload, and (c) anatomic remod- 
eling of the ventricle. Mechanical ventricular assistance and replace- 
ment will be described in Chapter 12. 

REVASCULARIZATION FOR ISCHEMIC 
CARDIOMYOPATHY 

Myocardial ischemia is the most common cause of heart failure and 
the most frequently documented indication for heart transplantation in 
the United States ( 6 ). Coronary artery disease (CAD) resulting in myo- 
cardial ischemia is responsible for approx 60% of heart failure cases 
( 6 , 7 ). The majority of patients with CAD and severe left ventricle (LV) 
dysfunction receive medical management, which often results in poor 
long-term survival. Because heart transplantation is available only to 
approx 2500 patients per year because of a limited donor organ supply, 
the only recourse for most patients who are unresponsive to medical 
therapy is surgical revascularization. 

Because it is difficult to predict which patients will show improve- 
ments in ventricular function postoperatively, and because of the high 
mortality in patients who do not benefit from revascularization, many 
patients are not offered coronary artery bypass grafting (CABG) sur- 
gery. Nonetheless, several studies document the feasibility of surgical 
revascularization in patients with severe ventricular dysfunction. In one 
multi-institutional study, 83 patients (mean ejection fraction = 24%) 
underwent CABG, and 39 patients (mean ejection fraction = 18%) were 
surgically revascularized ( 8 ). In both series, patients experienced 
improvements in ventricular function with a low perioperative mortality 
and a 3-yr survival greater than 80%. In another study, 42 patients (ejec- 
tion fraction < 20%) underwent CABG and showed improved postop- 
erative ventricular function, operative mortality of 4.8%, and 1-yr 
survival of 88% ( 9 ). Finally, in a retrospective review of patients under- 
going either medical therapy or surgical revascularization while await- 
ing heart transplantation, those undergoing CABG had a 5-yr survival of 
80% compared to only 28% in the medically managed group ( 10 ). The 
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operative mortality in this series was 20%, illustrating the potentially 
high risk of surgery in this patient population. 

As a result of the unpredictability of functional improvement after 
high-risk surgical revascularization, a number of studies have attempted 
to identify preoperative factors associated with improved outcome. Cur- 
rently, resurrection of ischemic but viable (hibernating) myocardium is 
thought to be the main mechanism by which ventricular function may 
improve after surgical revascularization; this concept is supported by the 
historical observation that patients with heart failure and angina fare 
better after revascularization than those without angina. 

In a study of 57 patients (mean ejection fraction = 28%), the only 
clinical variable predictive of a favorable outcome was the presence of 
significant hibernating myocardium areas, manifested as a large 
reversible defect on preoperative thallium-201 scanning ( 11). Because 
the presence of revascularizable ischemic myocardium is highly corre- 
lated with the presence of angina or previous myocardial infarction ( 12), 
these factors are considered positive predictors of outcome after high- 
risk CABG. 

Finally, the current ability to identify viable myocardium areas by 
thallium-201 scintigraphy, single-photon emission computed tomogra- 
phy, and positron emission tomography allows more precise identifica- 
tion of patients who are likely to benefit from surgical revascularization. 

Despite the positive prognostic significance of hibernating myo- 
cardium, various other preoperative variables influence surgical results 
in patients with ischemic cardiomyopathy. In a retrospective study of 
patients undergoing CABG (ejection fraction < 20%), poor outcome 
predictors included advanced age, female gender, increased CAD 
severity, and the presence of ventricular arrhythmias (13). In another 
study, peripheral vascular disease, hypertension, and increased LV fill- 
ing pressures were associated with decreased postoperative survival ( 14). 
Thus, although the presence of ischemic but viable myocardium should 
weigh heavily in the decision to proceed with surgical revascularization 
in patients with ventricular dysfunction, numerous other factors that 
may predict a significantly increased risk of failure must be considered. 

In summary, patients with end-stage heart failure resulting from 
ischemic heart disease present a significant therapeutic challenge. 
Despite the recent development of pharmacologic agents that may 
prolong life expectancy in these patients, surgical revascularization rep- 
resents a potentially life-saving option while awaiting heart transplanta- 
tion. Advanced diagnostic techniques may aid in the identification of 
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patients with hibernating myocardium who generally benefit from 
revascularization. Thus, proper patient selection for revascularization 
optimizes benefits while limiting associated procedural risks. However, 
significant comorbid conditions, heart failure severity, and the quality of 
the distal coronary vasculature are important determinants of functional 
recovery and survival that should not be ignored. A representative diag- 
nostic and management algorithm for ischemic cardiomyopathy man- 
agement has been provided in Fig. 1. 

REPARATIVE SURGERY: 

CORRECTING MITRAL VALVE REGURGITATION 

The major etiology of mitral regurgitation (MR) in the United States 
is degenerative valvular damage ( 15 ). The pathophysiologic basis of 
myocardial dysfunction in MR resulting from degenerative valve dis- 
ease is chronic volume overload leading to ventricular dilatation. Ven- 
tricular dilatation potentiates MR, and MR potentiates dilatation, 
resulting in perpetuation of a positive-feedback cycle ( 16 ). 

In ischemic mitral insufficiency, myocardial ischemia or infarction 
may be the dominant causative mechanism. In this case, papillary muscle 
dysfunction results in mitral valve prolapse and clinically significant 
MR. Although loss of papillary contractile function because of ischemia 
or infarction is necessary for ischemic MR development, ventricular 
dilatation or mitral annulus widening are also considered critical in this 
process (7 7). In early ischemic MR stages, myocardial revascularization 
may be sufficient to reverse the pathologic process, but if permanent 
ventricular damage was sustained or irreversible ventricular or annular 
dilatation ensued, concomitant mitral valve repair (MVP) or replace- 
ment may (MVR) be necessary as well. 

Although surgical intervention is recommended and highly success- 
ful in patients with MR and preserved systolic function, a more challeng- 
ing cohort of potential surgical candidates are patients with signs of 
clinical heart failure or evidence of depressed systolic function. In these 
patients, MVR can further depress myocardial performance, and is 
associated with high perioperative mortality and poor long-term sur- 
vival ( 18 ). For these reasons, alternatives to MVR have been developed 
to avoid or minimize the pathologic processes responsible for postopera- 
tive deterioration in systolic performance. 

An important pathogenetic determinant of ventricular dysfunction 
after conventional MVR is elimination of valvular-ventricular interac- 
tions induced by subvalvular apparatus disruption ( 19 ). The specific 
mechanisms by which papillary-ventricular attachments enhance sys- 
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Fig. 1. Algorithm of high risk coronary artery revascularization. 



tolic function include preload enhancement of midwall LV fibers (via 
LV sphericalization inhibition) (20) and reduction of regional midwall 
afterload (27 ). Thus, techniques of MVR with chordal preservation have 
been developed (Fig. 2). Several experimental and clinical studies com- 
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Fig. 2. Mitral valve replacement with preservation of subvalvular apparatus. 
From ref. 52 with permission. 



pare the effects of conventional MVR and chord-preserving procedures 
on ventricular function. In a recent comparison of conventional MVR to 
chord-preserving procedures, chordal sparing was associated with supe- 
rior preservation of ventricular geometry ( 22 ). These and other studies 
confirm the clinical importance of subvalvular apparatus preservation 
when feasible. Clinical reports demonstrate a significant reduction in 
operative mortality and improvement in long-term survival in patients 
undergoing chord-sparing procedures ( 23 - 25 ). The decreased morbid- 
ity and mortality noted after MVR procedures are likely because of 
improved ventricular function preservation as well as decreased opera- 
tive time and technical complexity. Recognizing the importance of 
maintaining an intact subvalvular apparatus, Bolling et al. placed great 
emphasis on repairing the mitral valve rather than replacing it in patients 
with cardiomyopathy and severe MR ( 26 ). Bowling et al. demonstrated 
effective correction of MR by means of annuloplasty during intermedi- 
ate-term follow-up ( 26 ). 

Therefore, the modem MR surgical management is based on a con- 
tinually evolving understanding of pathologic determinants of valvular 
and ventricular dysfunction. 
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LV GEOMETRY RESTORATION 

LV Aneurysmorrhaphy (Dor Procedure) 

Left ventricular aneurysms (LVAs) are characterized: (a) anatomi- 
cally, by thinning of the ventricular wall in a scarred area resulting from 
a transmural myocardial infarction (27), and (b) functionally, by para- 
doxic motion of the aneurysmal segment with ventricular geometry dis- 
tortion. Although the majority of ventricular aneurysms are chronic, 
developing over time after the initial myocardial injury, LVA may 
develop immediately after acute myocardial infarction (AMI). Usually, 
acute LVA are not managed surgically but are allowed to mature while 
hemodynamic stability is established by pharmacologic agents, mechani- 
cal support, or myocardial revascularization. 

Because of recent improvements in the medical management of AMI, 
CHF, and ventricular arrhythmias, the number of patients requiring sur- 
gery to repair chronic ventricular aneurysm treatment has decreased. 
However, the primary indications for surgical intervention have not 
changed; they include medically refractory heart failure, angina pecto- 
ris, ventricular tachyarrhythmias, and thromboembolism. 

Whereas patients manifesting these symptoms are known to have a 
poor long-term survival without surgical intervention, asymptomatic 
patients have reported a 5-yr survival of 90% with medical therapy alone 
(28). Although this suggests that surgical intervention should be reserved 
for symptomatic patients only, it is observed that asymptomatic patients 
are at risk for rapidly progressing to heart failure resulting from deeom- 
pensation of a chronically volume-overloaded and dilated LV, leading 
to global ventricular dysfunction. Therefore, surgical management is 
offered to asymptomatic patients with chronic LVA who manifest evi- 
dence of progressive ventricular dilation or dysfunction, increasing MR, 
or aneurysmal enlargement (27). 

The pathophysiologic effects of an LVA on ventricular function are 
mediated by two major mechanisms. First, paradoxic motion of the 
aneurysmal freewall and septum results in volume overloading and 
dilitation of the remaining functional myocardium. Pathologically, this 
paradoxic motion is caused not only by stretching the aneurysmal scar 
but also by stretching the border zones of viable myocardium surround- 
ing the aneurysm (29). The second mechanism responsible for progres- 
sive ventricular function deterioration involves normal ventricular 
geometry distortion. As the base of an enlarging ventricular aneurysm 
dilates, it carries the adjacent normal freewall away from the septum. 
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disturbing the normal parallel relationship between the septum and lat- 
eral freewall. This and other ventricular geometry distortions may sig- 
nificantly decrease contractile efficiency, even in the face of normal 
local myocardial contractility (30,31 ). 

Early attempts at surgical LVA treatment were based on the assump- 
tion that simple resection was the optimal way to relieve volume overload 
of the remaining ventricular myocardium. Consequently, open aneurysm 
resection with linear closure of the ventriculotomy, introduced by Cooley 
in 1958 (32), remained the standard technique for greater than 25 yr. 
However, frequent inability to document improvement in ventricular 
performance and continued high mortality led to modifications of this 
approach based on an improved understanding of the underlying patho- 
logic basis of ventricular dysfunction. Simply resecting dysfunctional 
myocardium and closing the aneurysmal segment only addresses the 
regurgitant volume, but does not eliminate the septum’s paradoxic 
motion or restore normal ventricular geometry. 

The Dor procedure (33) of ventricular aneurysmorrhaphy was con- 
ceived to correct the constellation of pathophysiologic defects. This 
procedure’s main objective is to improve ventricular function by elimi- 
nating paradoxic motion of the freewall and septum and restoring global 
ventricular geometry. In the Dor endoventricular circular patch 
ventriculoplasty (Fig. 3), the aneurysmal freewall is resected, and the 
defect is bridged with an endocardial patch. In this operation, the aneu- 
rysmal septum is not imbricated but is excluded from the ventricular 
cavity by fixation of the endocardial patch to the junction of the septal 
endocardial scar and normal septal myocardium. After placing a 
pursestring suture around the base of the defect, the endocardial patch is 
sewn circumferentially to the edges of remaining myocardium. While 
restoring ventricular geometry, this maneuver also prevents paradoxic 
motion of the diseased septum and border zone by excluding these areas 
from ventricular contraction forces. 

The theoretic advantages of the Dor procedure of ventricular 
aneurysmorrhaphy over traditional simple closure are supported by 
encouraging clinical results. In Dor’s experience, surgical mortality is 
less than 7%, and postoperative evaluation confirms improvement in 
ejection fraction and control of ventricular arrhythmias in the majority 
of patients (34). Nonetheless, attempts to compare this procedure’s 
results with new modifications of the linear closure technique (35) have 
been inconclusive because of a lack of randomization and failure to 
control for variables such as infarct size and the effect of concomitant 
revascularization on ventricular function. 
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ENDOVENTRICULAR CIRCULAR PATCH PLASTY 





Amero apico septal scar 



Curvature restoration 




Septal exclusion 
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Fig. 3. Left ventricular aneurysmorrhaphy (Dor Procedure). From ref. 53 with 
permission. 

Therefore, as in the case of chord-preserving mitral valve operations, 
surgical ventricular aneurysm management has undergone significant 
evolution as an improved understanding of underlying pathogenetic 
processes has been achieved. In this respect, the Dor procedure repre- 
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sents an example of surgical interventions designed to specifically 
address complex and multifactorial pathologic processes that were 
previously unappreciated or ignored. 

Surgical Anterior Ventricular Endocardial Restoration 

Anterior wall myocardial infarction may result in ventricular shape 
and size alterations (56, 57j. Dramatic systolic functional LV recovery is 
not commonly achieved following revascularization ( 38 ). Loss of con- 
tractile function of the anterior wall and septum causes remote ventricu- 
lar myocardium to dilate as an adaptive mechanism to maintain stroke 
volume. This remodeling process results in ventricular dysfunction, and, 
ultimately, CHF ( 39 ). Surgical anterior ventricular endocardial restora- 
tion (SAVER) excludes akinetic LV segments following anterior wall 
myocardial infarction that resulted in LV dilatation. This intervention, 
using Dor procedure principles with some technical modifications (Fig. 4), 
was performed in 439 patients for postinfarction dilated cardmyopathy. 

After CABG or MVR is performed, the infarcted anterior wall seg- 
ment is incised parallel to the left anterior descending artery. The tran- 
sition point between viable and scarred myocardium is identified. Placing 
an encircling suture at the transitional zone excludes the scar from the 
ventricular cavity, creating an approx 2x3 cm purse orifice. The open- 
ing is closed with a Dacron patch. To enhance hemostasis, the patch is 
covered by the excluded scar tissue ( 39 ). 

Like the Dor procedure, SAVER also improved ejection fraction in 
studies. LV end systolic volume index also improved during the SAVER 
experience. The multicenter SAVER experience supported Dor’s expe- 
rience with dilated cardiomyopathy after anterior myocardial infarction. 

Dynamic Cardiomyoplasty 

Dynamic cardiomyoplasty (DCM) is a surgical treatment of dilated 
cardiomyopathy. In DCM, the latissimus dorsi muscle is mobilized and 
wrapped circumferentially around the heart and then stimulated syn- 
chronously with the cardiac cycle (Fig. 5). Effectively, the muscle wrap 
acts as an autologous external compression device, providing synchro- 
nized systolic pressure augmentation. At medium-term follow-up, the 



Fig. 4. SAVER (opposite and next page) 

(A) After opening the anterior ventricular scar, the region is palpated to better 
delineate myocardial scar from viable tissue. (B) Placement of an encircling 
suture between the viable and nonviable myocardial tissue. (C) Sewing the 
dacron patch into place. (D) Noncontracting scar is sewn over the dacron patch. 
From ref. 39 with permission. 
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majority of patients undergoing DCM enjoy substantial improvements 
in functional status, although objective hemodynamic improvements are 
often not demonstrable ( 40 ). 

Although, originally, DCM was thought to improve cardiac function 
simply by providing systolic “squeeze” to the failing ventricle, subse- 
quent experimental and clinical studies suggest that the mechanisms by 
which DCM influences myocardial function may be considerably more 
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Fig. 5. Dynamic cardiomyoplasty. From ref. 54 with permission. 



complex and may include ventricular volume stabilization by the girdling 
effect of the muscle wrap ( 41 ), 

In recent well-controlled experimental ( 42 ) and clinical ( 43 ) studies, 
DCM increased ejection fraction and peak ejection rate while decreasing 
end-diastolic volume, end-systolic volume, and end-diastolic pressure. 
Although reduction of ventricular volume and pressure had no effect on 
cardiac index, it enhanced effective contractility and reduced myocardial 
wall stress. The latter finding supports previous studies that reported 
beneficial effects of DCM on myocardial stress-strain relationships 
( 44 , 45 ), An additional effect noted in these studies was a reduction in 
wall motion asynchrony, a common characteristic of failing ventricles. 
Finally, it is postulated that, by contracting at the appropriate point in 
mid- to late-systole, the muscle wrap could improve ejection dynamics by 
acting as a “time- varying afterload reducer,” lowering ventricular vol- 
umes and pressures near the end of the systolic contraction phase ( 43 , 46 ), 
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Significant evidence points to the existence of at least two dominant 
mechanisms by which DCM ameliorates clinical heart failure severity . 
First, the passive constraint (or girdling effect) of the muscle wrap, 
whether stimulated or not, restrains the ventricle from further dilation 
and prevents continuing increases in myocardial tension by stabilizing 
cavitary radius (47). Second, the reduction in wall stress affected by 
dynamic systolic compression may reduce the stimulation of pathologic 
myocyte hypertrophy and remodeling. Thus, by limiting ventricular 
dilatation and decreasing wall stress, DCM may halt, or even reverse, 
pathologic ventricular remodeling (47). 

Acorn Cardiac Support Device 

The Acorn cardiac support device (CSD; Acorn Cardiovascular, Inc, 
St. Paul, MN) is a mesh-like wrapping device that is circumferentially 
placed around the heart (Fig. 6) to provide end-diastolic ventricular 
support (4S). This surgical approach to dilated cardiomyopathy is aimed 
at preventing the spheroidal reshaping that the heart undergoes in end- 
stage heart failure. Passive ventricular restraint devices halt or reverse 
cardiac remodeling by reducing wall stress and myocyte overstretch. 

Typically, the Acorn device is placed via a sternotomy and is sutured 
in place near the atrioventricular groove. Prior to placement, the device 
is tailored to fit snugly around the ventricle. Deviee placement can be 
accomplished as a lone procedure or during concomitant CABG and/or 
valve surgery. Preclinical studies demonstrate signifieant promise in LV 
end-diastolic volume reduction (49). Early clinical results (6-12-mo 
follow-up) from a safety study reveal CSD support to be effective in 
limiting eardiac dilatation progression and increasing LV ejection frac- 
tion (50,51). 



CONCLUSION 

In the United States, data clearly demonstrate that cardiac transplan- 
tation has plateaued at approx 2500 cases annually, illustrating the limi- 
tation of donor organ availability. As average life expectancy increases, 
the demand for interventions to tackle the varying degrees of heart fail- 
ure is also expected to increase. 

Although aggressive medical management demonstrates some suc- 
cess in treating end-stage heart failure patients, many patients require 
surgical intervention. These surgical interventions range from straight- 
forward and efficacious mitral valve repair for early mitral regurgitation 
to the complex Dor procedure for end-stage dilated cardiomyopathy 
with associated ventricular aneurysm. Although some procedures aim to 
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Fig. 6. Placement of Acom textile support. From ref. 48 . 



correct specific abnormalities responsible for ventricular function dete- 
rioration, others more ambitiously attempt to reverse this deterioration 
by physically reconstructing the ventricle or providing direct mechani- 
cal assistance. 
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INTRODUCTION 

Mechanical circulatory assistance has become the standard of care for 
potential heart transplant patients with life-threatening heart failure 
refractory to medical and other surgical therapies ( 1 - 5 ). Significant 
advances in technology and clinical experience have occurred during the 
past 10 yr. Indications for ventricular assist device (VAD) placement 
have broadened to include patients who were thought to be unsuitable for 
device insertion. Improving long-term success with device support has 
even led to the possibility of permanent support ( 6 ). Currently, there is 
a wide array of devices available and in development. 
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This chapter describes the use of mechanical assist devices as a bridge 
to transplantation. Currently available devices, patient and device selec- 
tion, surgical technique, postoperative management, and complications 
are discussed. Finally, the new devices that are under development or 
evaluation are mentioned. 



SYSTEMS 

Short-Term Support: Abiomed BVS (SOOOi) 

The Abiomed BVS SOOOi (Abiomed Cardiovascular Inc., Danvers, 
MA) is a short-term uni- or biventricular support system comprised of 
external pumps driven by a computer-controlled drive console. In 1 992, 
the Food and Drug Administration (FDA) approved the product for 
postcardiotomy support ( 7 ). Since then, the indications for use have 
expanded to include acute myocardial infarction (AMI), myocarditis, 
right ventricle (RV) support in conjunction with a long-term left ven- 
tricle (LV) support device, bridge to recovery and bridge to transplant. 
As a result, the device is one of the most commonly used means of short- 
term mechanical cardiac support ( 8 , 9 ). 

Advantages that make the BVS system popular are the ease of inser- 
tion and simplicity in operation, obviating the need for a full-time 
perfusionist. The system functions reliably for several days, with aver- 
age support duration between 5 and 9 d. This is particularly helpful in 
hospitals where it may be necessary to transfer the patient to a transplant 
center for further treatment (70,77). The system has proven its efficacy 
in the treatment of acute myocarditis and postcardiotomy cardiogenic 
shock (PCCS) ( 8 , 12 - 14 ). In addition, the cost may be closer to that of 
centrifugal pumps than was expected ( 15 ). For these reasons, the BVS 
system is the standard for short-term bridging. 

Disadvantages of this device include the requirement for continuous 
anticoagulation, limited mobility compared to implantable devices, and 
the requirement to remain in an intensive care unit (ICU). Flow rates are 
also limited compared to those of other devices. The maximum flow rate 
of 6 L/min may not be enough for septic or larger patients. Although 
patients have been supported as long as 90 d, the device is best suited for 
short-term use (less than 10 d). 

Short-Term Systems: Extracorporeal Membrane Oxygenation 

Extracorporeal membrane oxygenation (ECMO) provides mechanical 
cardiac support (uni- or biventricular) as well as pulmonary support. 
Although neonatal use has been successful, the adult experience has 
been mixed. 
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The main indications for ECMO are the need for mechanical assis- 
tance in the face of combined pulmonary failure and pure respiratory 
failure. When initially used for PCCS, survival was low (25%) ( 16 ), 
With experience and improved circuits, survival increased to 40% ( 17 ). 
ECMO benefits include potential peripheral cannulation and the versa- 
tility of small consoles. This allows potential implementation in areas 
outside the operating room for both cardiac and pulmonary support. 

Major limitations include the requirement for sedation, with possible 
paralysis and heparinization. Also, a full-time perfusionist is necessary 
to run the equipment. Although it may last for several days, the duration 
of support is usually only 2-3 d. Complications are common, including 
leg ischemia, renal failure, bleeding, and oxygenator failure, especially 
with veno-arterial ECMO support. Overall, successful ECMO use in 
adults has been limited to select centers ( 18 ). 

Implantable Pulsatile Devices: 

HeartMate Left Ventricular Assist Device 

The HeartMate left ventricular assist device (LVAD) (Thoratec Cor- 
poration, Pleasanton, CA) was designed in 1975 ( 19 ). The system was 
originally an implantable pneumatic (IP) vented system requiring a large, 
cumbersome console that did not allow patients much mobility outside 
the hospital. Since 1986, this system has been effective as a long-term 
support device with an end goal of heart transplantation. The system 
underwent years of development, and, in 1991, a clinical trial of the 
vented electric (VE) model began ( 20 ). The electric system allowed a 
great amount of mobility, with portable battery units worn in a holster. 
Since then, both models have shown a 60-70% rate of survival to trans- 
plantation ( 21 - 23 ). The worldwide average implant duration is 80-100 
d, and maximum duration of support has exceeded 2 yr ( 23 ). The prob- 
ability of device failure is 35% at 2 yr (6), which is much higher than that 
of the Novacor left ventricular assist system (LVAS). 

The HeartMate is made out of a titanium alloy external housing, with 
inflow and outflow tracts that use porcine xenograft valves (25mm). The 
unique characteristic of the device is its internal blood-contacting 
surface, which is made of textured titanium on one side and textured 
polyurethane on the other. This textured surface results in the deposition 
of a fibrin-cellular matrix that forms a pseudoneointima. The formation 
of this surface decreases the need for anticoagulation, because thrombus 
formation is greatly reduced ( 23 ). Patients with these devices take aspirin 
(for anti-inflammation, but not primarily for anticoagulation) and have 
a remarkably low rate of thromboembolic complications ( 2 , 23 ). 
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The device has a pumping capacity in excess of 1 0 L/min and a stroke 
volume of 83 mL. Pulsatile flow is created using a pusher-plate system 
(23). The device is operated in a fixed-rate or automatic mode. In auto- 
matic mode, the pump senses when the chamber is full and activates the 
pusher plate. 

The pump is inserted into the left upper quadrant of the abdomen 
either pre- or intraperitoneally. The driveline, consisting of an air vent 
and power cables, is tunneled and brought out of the skin in the right 
upper quadrant. Small battery units, worn in a harness, are connected to 
the cables. Battery life is between 4 and 6 h, depending on the patient’s 
activity level (23). In case of an emergency, a portable hand pump can 
activate the device. 

The patient’s body size is an important factor in allowing device 
placement, because of the device’s size and flow limitation. Because the 
device requires flow greater than 3.0 L/min to avoid thromboembolic 
complications caused by blood stagnation, patients should have a body 
surface area (BS A) greater than 1 .5 m^ (cardiac index greater than 2.0 L/ 
min/m^). 

Although the HeartMate LVAD and the Novacor LVAS are the first 
generation of relatively reliable mechanical cardiac assist devices, they 
have achieved significant clinical success. As a result, the Randomized 
Evaluation of Mechanical Assistance for the Treatment of Congestive 
Heart Failure (REMATCH) study used the HeartMate LVAD as a des- 
tination therapy, rather than as a bridge to transplantation (6). Based on 
these data supporting mechanical therapy over medical therapy, the FDA 
approved the HeartMate LVAD for use as a destination therapy. 

Implantable Pulsatile Pumps: Novacor 

The Novacor (World Heart Corp., Ottawa, ON, Canada) LVAS was 
first used in 1984 in a successful bridge-to-transplant application (1). 
Initially, it was designed as a console-based controller system, but, since 
1993, it has been available with a wearable controller. This system is 
reliable, with about 55-65% of patients surviving to transplantation 
( 1,24,25 ). The worldwide mean time of LVAS support using this system 
is 85 d, with the device lasting as long as 962 d (24). The company 
currently claims a 3-yr pump reliability greater than 90% (26), which is 
much higher than that of the HeartMate LVAD. 

The pump works using dual pusher plates that compress a polyure- 
thane sac. Twenty-one mm bioprosthetic valves are used in both the in- and 
outflow tracts. Stroke volume reaches 70 mL. Similarly to the HeartMate 
device, the pump is placed in the left upper abdominal quadrant. The 




Kohmoto and Naka 



249 



inflow tract is connected to the LV apex and the outflow tract to the 
ascending aorta. The percutaneous driveline is brought out in the right 
upper quadrant of the abdomen and connected to a controller worn on a 
belt system. Unlike the HeartMate system, patients require anticoagula- 
tion with warfarin to avoid embolic events. Currently, the Investigation 
of Nontransplant-Eligible Patients who are Inotrope Dependent trial is 
evaluating this device as a long-term alternative to transplantation. Re- 
cently, a new inflow cannula made with Gore-Tex® was introduced, and 
the thromboembolic rate is reported to be reduced (1,5). 

Paracorporeal Pulsatile Devices: Thoratec 

The Thoratec paracorporeal VAD (Thoratec Laboratories Corp., 
Pleasanton, CA) is another reliable and often-used system for ventricu- 
lar support. Unlike the Novacor and HeartMate systems, this is a 
paracorporeal system that can be applied for uni- or biventricular sup- 
port. Because the actual pump chamber is outside of the body, this device 
can be used on patients with body sizes too small to house the HeartMate 
or Novacor devices. However, a paracorporeal system also limits mobil- 
ity and presents an obstacle for patients in a long-term setting. In 1984, 
the first Thoratec system was used as a successful bridge to transplan- 
tation. The system received FDA approval for bridging to transplanta- 
tion in 1995 and for postcardiotomy support in 1998 (27). 

The pump consists of a prosthetic ventricle with a maximum stroke 
volume of 65 mL and cannulae for ventricular or atrial inflow and arterial 
outflow. Currently, a large pneumatic drive console is available, and a 
smaller briefcase-sized power driver unit is in trial (27). Pneumatic driv- 
ers provide alternating air pressure to fill and empty the blood pump. The 
pump flow rate ranges from 1 .3 to 7.2 L/min (27). Inflow cannula place- 
ment can occur in an atrial or ventricular position. Ventricular cannula 
placement is better for left-sided support, as it allows for greater flow 
rates than does atrial cannulation. Anticoagulation with warfarin is nec- 
essary, as it is in patients with mechanical valves (27). 

This device has been used in over 1000 patients for uni- and 
biventricular support for both bridge-to-transplantation and post- 
cardiotomy recovery. Survival to transplantation is in the 60-80% range, 
depending on which ventricle was supported (27,28). The great benefit 
of this system is its versatility. It is easy to place with less surgical 
dissection, can be used for patients of various sizes, can be attached to 
the atrium or ventricle, and can be used for right and left heart support. 
However, its paracorporeal location limits the patient’s activity and its 
use as a long-term device. 
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Total Artificial Heart: CardioWest 

The CardioWest total artificial heart (TAH) (CardioWest Technolo- 
gies, Inc., Tucson, AZ) is a pneumatic, biventricular, orthotopically 
implanted TAH with an externalized driveline to its console. It consists 
of two spherical polyurethane chambers with polyurethane diaphragms. 
In- and outflow conduits are constructed of Dacron™ and contain 
Medtronic-Hall™ (Medtronic, Inc., Minneapolis, MN) valves. It began 
as the Jarvik-7 TAH used in the early 1980s ( 29 , 30 ). Despite early 
obstacles, in 1993, a new investigational device exemption study began. 
The trial showed support durations of 12-186 d with a 93% survival to 
transplant ( 31 ). European experience with the CardioWest TAH has 
been slightly worse, although encouraging ( 32 , 33 ). 

The TAH benefits from the ability to provide excellent, early support 
avoiding irreversible end-organ damage in rapidly decompensating, 
critically ill patients ( 31 ). Unlike the other devices, it obviates the pres- 
ence of the native heart. This is particularly useful in situations where 
leaving the native heart in place would be detrimental or impossible 
(e.g., infection or cardiac tumors). 

To accommodate the TAH, adequate intrathoracic space is required. 
Fitting criteria includes BSA greater than 1.7 m^, cardiothoracic ratio 
greater than 0.5, LV diastolic dimension greater than 66 mm, antero- 
posterior distance greater than 10 cm, and combined ventricular vol- 
ume greater than 1500 mL. Careful intraoperative fitting is critical. In 
addition to size requirements, strict anticoagulation with warfarin, aspi- 
rin, and pentoxifylline is needed ( 34 ). Rehabilitation is limited as well 
because of the large console. A portable console is in development. 

PREOPERATIVE CONCERNS 

Indications for LVAD Implantation 

The traditional indication for V AD support has been refractory cardiac 
failure in patients eligible for heart transplantation. Recently, the patient 
population has expanded from patients with chronic heart failure to 
include a large proportion of patients with acute heart failure. Although 
some reports show better outcomes in stable patients awaiting heart 
transplant ( 34 , 35 ), acceptable results have been obtained in this emerg- 
ing acute patient population ( 10 , 12 , 13 , 36 - 38 ). 

Currently, there are several clinical scenarios in which VADs are 
implanted. These include PCCS, AMI, acute decompensation of chronic 
heart failure, myocarditis, chronic heart failure in transplantation candi- 
dates, ventricular arrhythmia, and high-risk cardiac operations. 




Kohmoto and Naka 



251 



PCCS patients have shown significant survival benefits if identified 
early and appropriately treated ( 10 ). Because most centers have the 
capability for short-term VAD support but not for long-term VAD sup- 
port or transplant, the authors created a so-called “Bridge-to-Transplant 
Network” ( 10 ). This system rapidly identifies and transfers appropriate 
patients in the authors’ region. Initial evaluation optimizes patients with 
short-term VAD support and transfers patients within 72 h of decompen- 
sation. Long-term LVAD implantation, if necessary, is then performed 
within 5 d after evaluation. 

AMI patients suffer from cardiogenic shock at an approximate rate of 
6% and, with cardiogenic shock, have a mortality rate of almost 80% 
( 39 , 40 ). Even with early revascularization, 1-yr survival remains less 
than 50% in those patients ( 41 ). Many of these patients suffer unrecov- 
erable myocardial damage or lack suitable coronary anatomy for 
revascularization. Advanced mechanical support may be the only therapy 
available for these patients. Mechanical support can successfully bridge 
these patients to recovery or transplant ( 42 , 43 ). 

Patients with long-standing heart failure may decompensate acutely 
or over longer time periods. These patients may not have been listed for 
transplant at the time of failure, although often they are followed at 
transplant centers. Acute decompensation can be triggered by several 
etiologies, including new ischemic injuries, arrhythmias, and infections. 
Patients already listed for heart transplant are the traditional group that 
comprises VAD populations. These patients tend to do well with VAD 
placement, as rehabilitation can be optimized before transplant ( 22 ). 

LVAD implantation for acute myocarditis, particularly in young 
patients, is used most often as a bridge to recovery rather than to trans- 
plantation. Unfortunately, it is difficult to determine which patients will 
benefit from short-term support and which patients will require long- 
term devices with subsequent transplantation ( 44 ). Because recovery is 
more likely in this population, short-term VADs are placed more often 
with subsequent transition to long-term VADs if necessary ( 12 ). 

Patients with ventricular arrhythmias are unique in that, aside from 
the arrhythmia, their native cardiac function may not be compromised 
significantly. If pharmacologic therapy and defibrillators fail, VAD 
support may be warranted. VAD support has been implemented success- 
fully in these cases ( 45 - 47 ). 

Patients undergoing high-risk cardiac surgery may need mechanical 
ventricular support if the surgical procedure is not successful. Patients 
need to be screened for transplant candidacy preoperatively. Cardiac 
surgery is then scheduled with LVAD back-up, in the event that LVAD 
support and subsequent heart transplant are needed. 
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Patient Selection 

The selection process for VAD implantation must reach a balance 
between an extremely liberal listing of highest-risk patients with unac- 
ceptably high mortality rates, and an exceedingly conservative approach 
that passes over patients who would otherwise have benefited from V AD 
support. Judicious use is also important, as VAD implantation incurs 
significant social and financial investment. 

According to the FDA, approval for transplant is required for VAD 
implantation (except for specific exemptions as part of destination 
therapy trials), although this requirement may be difficult to meet in the 
setting of acute cardiac failure. Generally, the accepted hemodynamic 
criteria include systolic blood pressure less than 80 mmHg (or mean 
arterial blood pressure less than 65 mmHg), pulmonary capillary wedge 
pressure greater than 20 mmHg, systemic vascular resistance more than 
2100 dynes*s/cm^, urine output less than 20 cc/h (in adults) despite 
diuretics, and a cardiac index of less than 2 L/min/m^ despite maximal 
inotropic or intra-aortic balloon pump support ( 48 ). In addition, several 
other factors must be taken into account. 

In 1995, Columbia University, in conjunction with the Cleveland 
Clinic Foundation, devised a scoring system to predict which patients 
would have successful outcomes after LVAD implantation ( 49 ). How- 
ever, as the technology evolved, use of these devices widened and 
extended, and, in 2001, the old score was revised to better reflect the 
current LVAD-eligible population ( 50 ). The old score was based on a 
system proposed by Norman et al. and included a cardiac index of less 
than 2 L/min/m^ and a pulmonary capillary wedge pressure greater than 
20 mmHg ( 51 ). It utilized 10 factors significant for mortality, using 
univariate analysis with a score of less than 5 corresponding to a 33% 
postimplantation death risk ( 49 ). The revised score was based on 130 
patients receiving VE HeartMate devices from 1996 to 2001. 

Interestingly, unlike in the old system, preoperative renal insuffi- 
ciency did not impact survival in the new scoring system. This is likely 
because of aggressive renal insufficiency treatment with ultrafiltration 
and hemodialysis. After multivariate analysis, the five factors in the 
new scoring system were: ventilatory support (score of 4), redo sur- 
gery (score of 2), previous LVAD insertion (score of 2), central venous 
pressure (CVP) greater than 1 6 mmHg (score of 1 ) and prothrombic time 
greater than 16s (score of 1 ). After adding the scores of these risk factors, 
a sum greater than 5 corresponds to a 47% mortality, as opposed to a 9% 
mortality for a score less than 5 ( 50 ). 

Device placement urgency has plays a part in survival. In a study by 
Deng et al., patients receiving emergent LVADs because of acute heart 
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failure, such as AMI, acute myocarditis, and postcardiotomy low output 
syndrome, had a lower survival to transplantation when compared with 
those receiving devices for chronic failure or those who did not need 
devices while on the heart transplant list ( 35 ). 

Device Selection 

Invariably, device selection is influenced both by availability and 
physicians’ experiences. Although much is published on individual 
devices, few studies compare assist devices at a single institution ( 4 , 15 ). 
Currently, there are five FDA-approved assist devices, in addition to the 
intra-aortic balloon pump, for these indications. These devices include: 

• Abiomed BVS 5000 

• Thoratec paracorporeal device 

• Novacor LVAS 

• Thoratec HeartMate IP LVAD 

• Thoratec HeartMate VE LVAD 

In addition to the FDA-approved devices, there are several other 
VADs in development and in clinical use. Characteristics of each device 
were discussed previously in this chapter. 

Important clinical issues to consider when choosing a device include 
the expected duration of support, need for biventricular support, cost, 
device-related risks (such as the need for anticoagulation and device 
failure rates), patient characteristics (especially the patient’s size), and 
United Network for Organ Sharing (UNOS) classification rules. Institu- 
tional standards of care, ranging from community practice to tertiary 
heart failure/transplant centers, also influence device selection. 

First, the implantable HeartMate VE LVAD and the Novacor LVAS 
require a patient BSA greater than 1.5 m^. Patients smaller than 1.5 m^ 
require support with the Abiomed BVS, a centrifugal pump, or the 
Thoratec paracorporeal device, depending on the estimated support 
period ( 52 - 54 ). 

Patients requireing mechanical circulatory support can be divided 
into the three main categories listed below. These clinical scenarios and 
patient needs dictate the best type of device to use. 

• Profound shock: those in acute, profound shock (e.g., PCCS), poten- 
tially with end-organ failure and right heart failure (RHF) 

• Decompensating congestive heart failure (CHF): chronically ill patients 
who are transplant candidates 

• Nontransplant candidates: these patients may become transplant- 
eligible when supported with assist devices and if other organ function 
recovers 
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Patients in profound shock with end-organ dysfunction and RHF need 
early, efficacious support to avoid permanent end-organ damage and 
increase their survival chances. The preferred devices are the Abiomed 
BVS 5000, the Thoratec paracorporeal device, and the TAH, if avail- 
able. These devices provide full biventricular support, re-establishing 
nearly normal hemodynamics and, potentially, allowing myocardial 
recovery (7). Early implementation of biventricular support is critical in 
patients with severe biventricular failure (12-14). 

The potential for myocardial recovery and neurological status need to 
be determined while a patient is on ventricular support. If a prolonged 
support period is expected, a longer-term device can be implanted as a 
LVAD with concomitant use of a short-term device as a right ventricular 
assist device (RVAD). Despite severe cardiac failure, these patients can 
be salvaged successfully with survival rates approaching those of the 
general cardiac transplantation population (55,56). Patients at non- 
transplant centers, who may benefit from a longer-term device and trans- 
plant evaluation, can be transferred safely to transplant centers when 
stabilized on short-term devices (11). The preferred device for use in this 
setting is the Abiomed BVS 5000. 

Patients with chronic CHF who are transplant candidates may decom- 
pensate before receiving a transplant. In these patients, long-term sup- 
port must be considered. Hospital discharge and rehabilitation become 
important factors in choosing a device (21,57). Longer-term support 
with end-organ recovery and better rehabilitation is associated with better 
long-term survival (58). Therefore, the current recommended devices 
are the implantable HeartMate VE LVAD and Novacor LVAS. If RHF 
is present and the patient is a transplant candidate, treatment is manda- 
tory and can be accomplished medically or with a short-term VAD such 
as the Abiomed BVS. 

SURGICAL IMPLANTATION TECHNIQUES 

HeartMate LVAD Implantation 

The techniques for assist device implantation vary. HeartMate LVAD 
placement is briefly described here. These systems, similarly to the 
Novacor LVAS, have several hemodynamic benefits. The short inflow 
cannula, which is connected to the LV apex, allows lower left atrial 
pressure (LAP) for filling the pump. Also, the LV apical cannulation, 
unlike cannulation of the left atrium, prevents blood stasis and thrombus 
formation in a hypokinetic LV. 
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The patient is placed on supine and prepped. Median skin incision is 
extended to the abdomen, usually up to the umbilicus. A preperitoneal 
(or intraperitoneal) LVAD pocket is created in the abdominal left upper 
quadrant. A driveline is tunneled to the right upper quadrant of the 
abdomen prior to heparinization. The device is primed and brought into 
the field. Pericardium is opened and the heart is cannulated for bypass. 
The aortic cannulation site needs to be chosen carefully to leave room for 
outflow graft anastomosis. If a patent foramen ovale (PFO) is identified 
by transesophageal echocardiogram (TEE), bicaval venous cannulation 
is chosen. If not, single right atrial cannulation is used. 

On cardiopulmonary bypass (CPB), the outflow graft length is mea- 
sured, the aortic crossclamp is applied, and an ellipticolongitudinal 
aortotomy is created. The graft is sewn into place using 4-0 Prolene 
suture. To ensure hemostasis, BioGlue (CryoLife Inc., Kennesaw, GA) 
is applied over the anastomosis. Hemostasis is confirmed immediately 
after clamp release. A circular core bored out of the apex of the LV 
allows for inflow cannula placement. Pledgetted sutures (2-0 Tevdek) 
are placed circumferentially around the cored opening and passed 
through the inflow cuff. When all the sutures are placed, the cuff is 
brought down to the ventricle, and the sutures are tied. The inflow can- 
nula is secured to the LVAD body. The pump is primed manually and 
vented through the outflow tract as the patient is weaned from bypass. 
Drains are placed in the mediastinum, the pericardium, and the LVAD 
pocket. After hemostasis is achieved, the chest and upper abdomen are 
closed in the standard fashion. The authors use #2 Vicryl interrupted 
figure-of-eight sutures to close abdominal fascia; if the patient is small, 
and the abdominal fascia cannot be reapproximated safely without ten- 
sion, they insert a Gore-Tex® patch to prevent herniation. 

Technical Considerations 

We outline several important technical points to consider when im- 
planting devices. First, pericardium dissection and choice of aortic can- 
nulation site must be performed carefully to help outflow cannula 
placement and to help subsequent reoperation for heart transplantation. 
Perfect hemostasis must be confirmed carefully prior to chest closure, 
because surgical bleeding can cause hemodynamic instability and, more- 
over, necessitates multiple blood transfusions. These may subsequently 
lead patients to volume overload and RHF, as described later in this 
chapter. Finally, appropriate wound closure technique is also important, 
because these patients are prone to infection and wound dehiscence (59). 
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Intraoperative TEE Use to Assess Valvular Pathology and PFO 

Intraoperative TEE is necessary when implantation is planned, espe- 
cially to evaluate presence of aortic insufficiency ( AI) and PFO, because 
both can cause significant problems immediately or chronically. 

If AI is present, blood ejected from the LVAD into the ascending aorta 
can enter the LV cavity, resulting in circuitous blood flow through the 
LVAD and limiting forward (or actual) cardiac output despite high 
LVAD flows ( 60 ). If the patient has more than moderate AI, the aortic 
leaflets can be sutured closed, or, if the leaflets are defective, the leaflets 
can be excised and the orifice closed with a Dacron or bovine pericardial 
patch. This can be done through the aortotomy for the outflow graft 
anastomosis. These methods apply only if recovery of cardiac function 
is not anticipated. Prior to LVAD insertion, the aortic valve normally 
closes only in diastole and is exposed only to diastolic pressure. However, 
the aortic valve leaflets frequently remain closed in systole after LVAD 
implantation, and they are exposed to the high systolic pressure generated 
by LVAD ejection. Therefore, AI can become evident in a chronic phase 
and, if it is significant, reoperation may be required to close the aortic 
valve (60). Also, if the aortic valve remains closed, commissural fusion 
of the native aortic valve leaflets has been reported after 26-689 d of 
LVAD support ( 61 ). 

If a temporary device, such as Abiomed BVS, is used and the inflow 
cannula is inserted from the LV apex, care must be taken not to advance 
the inflow cannula too deeply; if it is inserted deeply enough that the tip 
passes across the aortic valve, it can also cause circuitous blood flow 
through the LVAD and can decrease the forward flow. 

If a PFO is present, it must be closed. If left open, significant right-to- 
left shunting can continue after LVAD implantation; the LAP decreases 
through the emptying of the LV and decreasing of the left ventricular 
end-diastolic pressure (LVEDP), and the right atrial pressure (RAP) 
increases with continuing RHF and fluid load. This right-to-left shunting 
can result in significant deoxygenation despite increased LVAD flow. 
Although a PFO is not identified intra-operatively , it can become evident 
later if the RAP remains high for a longer period. 

Other valvular pathologies that should be assessed before or during 
LVAD implantation include: 

• Mitral stenosis, which can prevent filling of the LVAD and subse- 
quently cause pulmonary edema. If present, mitral commissurotomy 
should be performed through the apical ventriculotomy for the inflow 
cannula. 

• Mitral regurgitation (MR), which usually does not affect LVAD flow ( 62 ). 




Kohmoto and Naka 



257 



• Tricuspid insufficiency. The authors used to perform repairs (annu- 
loplasty ) ; however, the repair did little to improve RV performance, and 
their recent strategy is to perform tricuspid repair only if severe tricus- 
pid regurgitation and ascites is present fdOj. Use of inhaled nitric oxide 
(NO) also helps RV performance. 

Prosthetic Valves 

Assist device use in patients with prosthetic valves was once consid- 
ered absolutely contraindicated (63). However, recently, such patients 
have been considered candidates for assist devices; if the duration of 
support is expected to be short and myocardial recovery is expected, 
short-term assist devices are used with appropriate anticoagulation 
(64,65). In patients requiring long-term LVAD support as a bridge to 
transplantation, the authors’ preferred strategy is as follows (60): 

• If a patient has an aortic mechanical valve, it is oversewn with a Dacron 
patch from the aortic side to prevent thrombus at the mechanical valve 
with resultant embolism if the mechanical valve occasionally opens 
with LV ejection, or in the event of device failure ( 60, 66). If the patient 
has a tissue valve and the LVAD empties the LV cavity sufficiently, 
most often the valve does not open. However, if the valve is damaged 
or insufficient, its orifice must be sewn closed, either primarily or with 
a pericardial patch. 

• If a patient has a mechanical mitral valve, appropriate anticoagulation 
is mandatory to prevent valve thrombosis. The authors also recommend 
anticoagulation for tissue mitral valves after experiencing a case with 
thrombus formation under the cusps of a tissue mitral valve (62). 

Coronary Artery Lesions 

Pre-existing coronary artery disease (CAD) is common in LVAD 
candidates. Adequate CAD evaluation is important to maximize the 
benefits of VAD implantation. Coronary artery bypass to the right coro- 
nary system may be necessary when implanting a LVAD to support RV 
function. This is especially important for early postoperative RV 
protection, including arrhythmia prevention. Refractory, malignant 
arrhythmias can be an indication for VAD implantation (46,47). How- 
ever, the authors usually do not perform left-sided bypass for angina, as 
post-LVAD angina is uncommon. If a coronary bypass is performed, 
proximal anastomosis placement should take into account the LVAD 
outflow anastomosis site. Therefore, we recommend proximal bypass 
anastomosis from the lesser aortic curvature, providing ample room on 
the anterolateral aspect of the aorta to accommodate the LVAD outflow 
graft. 
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Air Embolism Prevention 

Air can be entrained from the LV inflow cannula, and this can cause 
fatal air embolism ( 2 ). This catastrophic event can occur at the time of 
device implantation or explantation ( 2 , 67 ). During implant, care must 
be taken to discontinue CPB or reduce CPB flow prior to starting the 
device to prevent suctioning of air from the LV inflow cannula. Intra- 
operative TEE is useful in detecting air in the ascending aorta. Also, if 
a temporary device such as the Abiomed BVS5000 is used, the inflow 
cannula is usually inserted from the LV apex with pursestring sutures, 
thus, the mobilization and dislocation of the cannula needs to be prevented. 

Conversely, during explant, the LV inflow cannula should not be 
manipulated before achieving full CPB. The device must be turned off 
prior to starting CPB. In the Thoratec paracorporeal device, the vacuum 
(or suction) pressure needs to be adjusted to less than 20 mmHg if chest 
is open to prevent suctioning air from the inflow cannulation site. The 
vacuum pressure can be increased up to 40 mmHg when the chest is 
closed (Thoratec Manual). 

POSTOPERATIVE MANAGEMENT 
Early Postoperative Period 

There are several factors that are important in the postoperative man- 
agement of patients with mechanical support. Antibiotic prophylaxis 
starts preoperatively and continues for at least 3 d postimplant. RHF is 
treated immediately or prophylactically with milrinone and inhaled NO 
( 68 ). In addition, vasodilatory hypotension is treated with intravenous 
arginine vasopressin (Parke-Davis, Morris Plains, NJ) ( 69 ). Aprotinin is 
continued in the postoperative period until hemorrhage stops (70). Ven- 
tricular arrhythmias are managed with appropriate pharmacologic agents 
and cardioversion, if necessary. Anticoagulation with aspirin is used for 
patients with all devices. Additional anticoagulation with heparin and, 
subsequently, warfarin is used for patients receiving the Thoratec 
paracorporeal, Novacor, and axial flow devices. Physical therapy and 
nutrition are addressed early. 

Late Postoperative Period 

Late postoperative care focuses on rehabilitation and monitoring of 
the immunologic changes ( 71 ) induced by the LV AD during the wait for 
heart transplantation. Patients with the VE Thoratec LVAD and the 
Novacor LVAS are eligible for discharge to home while awaiting trans- 
plant ( 1 , 21 , 72 , 73 ). General criteria for discharge include physical reha- 
bilitation, echocardiographic evidence of marginal heart function (to 
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keep the patient alive until manual pumping can be instituted in the event 
of device failure), and a training course in device use and care. Support 
from the family is important. When these criteria are met, patients 
undergo a gradual program with longer trips outside the hospital and, 
finally, discharge with weekly returns ( 21 , 74 ). Panel-reactive antibody 
levels are measured in LVAD patients biweekly. This topic is discussed 
in detail in other chapters. 

LVAD Explant vs Transplant 

Except for destination-therapy patients, LVAD patients in the United 
States are listed as heart transplant candidates. However, the profound 
ventricular unloading provided by LVAD support can lead to reverse 
remodeling evident at genetic, biochemical, and histological levels ( 75 , 76 ). 

Long-term LVAD explantation is considered only if there is signifi- 
cant myocardial recovery evidenced by an exercise testing protocol. 
LVAD flow is reduced to 2 L/min while the patient exercises on a tread- 
mill. Right heart catheterization and echocardiography are performed to 
determine the adequacy of ventricular function f 77). Although functional 
recovery allowing LVAD explantation is reported ( 78 ), our experience 
shows that only a small number of patients can be weaned successfully 
from their devices ( 79 , 80 ), whereas others report better recovery rates 
( 81 - 83 ). The question of which patients are suitable for bridge-to-recov- 
ery and device explantation requires further clinical evaluation. 

COMPLICATIONS 

Bleeding 

Bleeding is a major complication after LVAD implantation. It can 
occur both in the immediate perioperative period and later postoper- 
atively. 

Immediate postoperative bleeding occurs in 20-40% of patients who 
receive assist devices ( 1 - 5 ). Preoperative heart failure leading to hepatic 
dysfunction, preoperative anticoagulation, coagulopathy caused by 
blood-device surface interaction, extensive surgical dissection, and 
prolonged cardiopulmonary bypass time contribute to a higher bleeding 
rate after these procedures. In the immediate postoperative period, 
coagulation parameters as well as complete blood counts must be moni- 
tored closely, and products can be replaced as necessary. Because exces- 
sive blood product transfusions can cause volume overload and, 
subsequently, exacerbate RHF, unnecessary transfusions must be 
avoided. Although meticulous surgical technique is the mainstay of 
hemostasis, several medications can prevent postoperative bleeding. 
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It is well established that aprotinin reduces blood loss and blood use 
in patients receiving assist devices (70J. Desmopressin can be used as an 
adjunct for uremic patients or those on aspirin (84,85). Re-exploration 
for bleeding should be performed in a timely fashion, if needed. How- 
ever, if excessive bleeding is noted at the time of chest closure, the chest 
can be left open and packed, and the patient can be taken to the ICU. The 
chest is closed when coagulation is normalized. 

Bleeding can also occur late postoperati vely . The Novacor L V AS and 
Thoratec paracorporeal device require heparin, and, subsequently, war- 
farin is started to achieve an INR of 2.5-3.S. Aspirin is added to this 
regimen with both devices. Aspirin is also used for patients with Thoratec 
HeartMate LV AD. Adequate anticoagulation levels must be maintained 
carefully. LVADs can activate coagulation and fibrinolytic pathways, 
and there is potential to exacerbate bleeding or clotting complications 
(86). Therefore, clinical signs of late bleeding need to be monitored 
carefully in those patients. In one report, there was a peak of occurrence 
of cerebral bleeding 3 mo after implantation (5). 

Anticoagulative management for patients who have heparin-induced 
thrombocytopenia type II and who require LVAD implantation is not 
common, but, nonetheless, careful assessment and continued vigilance 
are mandatory (87). 



Infection 

Infection is one of the most serious complications common after 
LVAD implantation, affecting short- and long-term survival for patients 
on mechanical circulatory support. Although the definition of device- 
related infection varies among publications, LVAD infection, in gen- 
eral, can manifest as driveline, pocket, or bloodstream infections or, 
ultimately, as device endocarditis. In addition to device-related infec- 
tions, these patients are susceptible to the common infections seen in 
critically ill patients such as pneumonia, line sepsis (in multiple cath- 
eters and intravenous lines), and urinary tract infections. Therefore, it is 
sometimes difficult to identify the infection source of when a patient on 
LVAD support has positive blood cultures. 

The reported infection rates in these patients are from 12 to 55% 
(88,89). Pocket infection rates are reported to be 11-24% for the 
HeartMate and Novacor systems, and the driveline infection rate is even 
higher, in the range of 1 8-30% for the two devices ( 88, 90). Again, there 
is much variability in these data because definitions for these infections 
are not standardized. Sepsis accounts for 21-25% of LVAD deaths and 
occurs at a rate of 1 1-26% (1,6,88,90). 
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Various microorganisms are responsible for these infections. Gram- 
positive cocci are seen most commonly (91,92), but Gram-negative 
bacilli and fungi can be identified. If organisms are identified, timely and 
appropriate systemic and topical infection management is necessary. 
Infection is not a contraindication to transplantation in this population, 
and transplantations have been accomplished successfully in infected 
patients ( 91-94 }. Topical driveline infection treatments include exit site 
immobilization, local sterilization, drainage, and, ultimately, surgical 
debridement (95). 

Appropriate cavity drainage is needed for a LVAD pocket infection. 
Device endocarditis can be treated with systemic antibiotics as well as 
emergent heart transplantation, device explantation, or device replace- 
ment (96). 

The interaction between device and human that occurs after VAD 
implantation is a topic of much interest. LVAD implantation is accom- 
panied by progressive defects in cellular immunity caused by an aberrant 
state of T-cell activation and apoptosis. These defects predispose LVAD 
patients to become infected ( 97). More research is needed in this area to 
further understand this phenomenon. 

Thromboembolic Events 

Thromboembolism is a major concern in any patient with mechanical 
circulatory support, because of the blood-device interface. The preva- 
lence of embolism varies from 2 to 47%, with the majority occurring in 
cerebral distribution in the 25% range, although embolism’s definition 
varies among publications (1-5,88,90,98). The HeartMate LVAD has 
the lowest thromboembolic rate of the devices, although these patients 
receive only aspirin. This likely results from the device’s unique tex- 
tured blood-interface surface that promotes formation of a neointimal 
surface that resists thrombus formation (99). Other devices require 
heparin in the immediate postoperative period and, subsequently, war- 
farin as well as antiplatelet agents such as aspirin. The Novacor LVAS 
is known to have a higher thromboembolic event rate ( 1,4,5). However, 
this was significantly reduced after the inflow cannula was changed to 
a gelatin-coated Vascutek conduit ( 1,5). A new Gore-Tex® inflow can- 
nula was introduced later, which further decreased the rate. Whether the 
rate of thromboembolic events with the Novacor LVAS decreases to as 
low as that of the HeartMate LVAD needs further evaluation. 

Device Failure 

Device failure is a major concern, because the number of heart trans- 
plantations is declining (100) and, according to a new UNOS rule, the 
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status of patients awaiting heart transplant on mechanical assist devices 
changes from 1 A to IB 30 d after implantation (101). 

Device failure involves various events, although the definition and, 
therefore, the reported event rate also vary among publications. Major 
failures, such as disconnection of the outflow assembly from the pump 
body or pump diaphragm rupture, require emergent device replacement 
to prevent the patient’s death (102). Minor failures, such as controller or 
battery malfunction, usually do not require emergency surgery but 
require appropriate treatment such as controller replacement (102, 103). 

The HeartMate IP and VE devices reported a failure rate of approx 
10%, including major and minor failures (2,4,5,102). Of note, although 
no system failed within 12 mo of implantation, the probability of device 
failure was 35% at 24 mo in the REMATCH trial, in which those devices 
were used as destination therapy (6). However, recent system modifica- 
tions have reduced this incidence significantly (5,102). In the event of 
electronic failure, the HeartMate device can be operated by a pneumatic 
console, and the reported survival rate to heart transplantation with the 
HeartMate is comparable (72%) to that of other devices even when 
backup components are used (102). 

According to recent publications, the Novacor EVAS has better 
durability, with a failure rate between 0% and 2% (1,4,5) and with devices 
replaced after 3-4 yr of support. The main failure mode is bearing wear, 
and this can be monitored periodically in vivo. If signs of wear are 
detected, the patient can be upgraded to UNOS status lA or device 
replacement can be scheduled on a nonemergency basis (104). The Thor- 
atec paracorporeal device is reported to have a lower incidence (3.5%) 
of major failures (3,103,105). In any event, pump design modifications 
and improvements must be continued, and these will result in more 
reliable and durable systems. 

Right Heart Failure 

RHF is reported in 10-30% of patients who received an implantable 
HeartMate LVAD or Novacor EVAS, and an RVAD was used in 1-1 1 % 
of all cases (2,4,68,102,106). In those patients who had implantable 
EVADs with additional RVAD, the survival to transplant was low 
(5-32%) (70,102,106). In patients withThoratec paracorporeal devices, 
RVAD use was as high as 38-42% (3,103). This may be related to 
differences in device selection criteria and device availability among 
institutions. 

In patients with end-stage heart failure, pulmonary vascular resis- 
tance (PVR) is usually elevated because of long-standing left heart fail- 
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ure and is further increased in the early postoperative period by the 
effects of CPB and blood products ( 107). These factors, individually or 
in combination, can lead to impaired RV contractility, increased RV 
afterload, and subsequent RV dysfunction (68). In most cases, unloading 
and supporting the LV helps decrease PVR and improve RV perfor- 
mance. Interestingly, two independent analyses elucidated low pre- 
operative RV stroke work index and low preoperative mean pulmonary 
arterial pressure (PAP) as risk factors for either postoperative develop- 
ment of RHF or postoperative RVAD use(68,106). This indicates that, 
in these cases, the RV is weakened and unable to generate high PAP 
against elevated PVR preoperatively. 

Because perioperative blood transfusions can cause patients to 
develop RHF, intraoperative use of aprotinin is strongly recommended 
(70). If there is any sign of RHF perioperatively, such as increased CVP 
or decreased LVAD flow with appropriate LV decompression and 
without tamponade, RHF treatment must be initiated immediately with 
pulmonary vasodilators (inhaled NO and type III phosphodiesterase 
inhibitors) and inotropic agents for RV contractility (68). If the RV 
function does not improve, RVAD insertion may be required. Although 
the reported survival to transplant is low if an RVAD is used, the decision 
to insert an RVAD should not be delayed. 

Multisystem Organ Failure 

Multisystem organ failure (MSOF) is another frequent complication 
in this patient population. Because of the significant amount of preop- 
erative end-organ dysfunction and numerous comorbid conditions, some 
of these patients do not fully recover after device implantation. In many 
situations, MSOF is the end result of a long cascade of complications 
including sepsis, bleeding, and other events. At other times, MSOF may 
be the result of significant preoperative multiorgan dysfunction that 
worsens after the insult of surgery. In these scenarios, MSOF accounts 
for 11-29% of deaths with the device (90) and careful evaluation of 
preoperative end-organ function is important. 

Sensitization 

LVAD implantation is associated with an increased risk of develop- 
ing circulating anti-human lymphocyte antigen class I and II antibodies 
(sensitization) ( 108-110). As many as 66% of patients with a LVAD are 
sensitized before transplantation (108,111). This increased antibody 
level is a significant risk for early graft failure and poorer patient survival 
as a result of complement-mediated humoral rejection (112,113). To 
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avoid sensitization, aprotinin should be used intraoperatively to reduce 
the number of necessary blood product (especially platelet) transfusions 
( 83 , 114 ). If the patient is sensitized, donor-specific cross-matching is 
mandatory, and this results in increased waiting time ( 108 ). Recent stud- 
ies demonstrate that pretransplantation immunomodulatory therapy with 
intravenously administered cyclophosphamide with intravenous immu- 
noglobulin successfully reduced serum alloreactivity and reduced wait- 
ing list times and acute rejection risk ( 108 - 112 ). Details are described 
in other chapters. 

NEAR FUTURE 
Axial Flow Pumps 

Axial flow pumps represent one of the newest generations of assist 
devices. They provide full cardiac support in a much smaller pump with 
fewer moving parts and a smaller blood-contacting surface than pusher- 
plate devices. In addition to their small size, their design is notable for 
continuous flow. Several studies demonstrate metabolic and neurohu- 
moral changes in organ perfusion with nonpulsatile flows ( 115 - 127 ). 
However, both clinical and long-term animal studies failed to show 
significant differences in morbidity and mortality with axial flow pumps 
( 128 - 136 ). Currently, the most promising devices are the HeartMate II 
(Thoratec Laboratories Corp., Pleasanton, CA), the DeBakey VAD 
(MicroMed Technology, Inc., Houston, TX), and the Jarvik 2000 (Jarvik 
Heart, Inc., New York, NY). These devices weigh between 53 and 176 
g and can generate flows in excess of 10 L/min. 

As mentioned above, these axial flow pumps have similar features. 
Their small size allows implantation into smaller patients than most 
pulsatile pumps. This also eases placement and explantation. With fewer 
moving parts, there are fewer friction points; therefore, expected dura- 
bility is increased. Although there is controversy over the risks and 
benefits of long-term continuous flow, most patients maintain some 
native cardiac function and, therefore, continue to have pulsatile pat- 
terns of blood flow. 

Unfortunately, if there is a device failure, there are few options or 
backup mechanisms in place other than replacement. Additionally, 
because these pumps lack valves, if device malfunction does occur, the 
patient can develop hemodynamics equivalent to those seen with wide- 
open AI. 

The DeBakey pump has been implanted successfully in a small num- 
ber of patients in Europe ( 137 , 138 ). In addition, the Heartmate II and the 
Jarvik 2000 have been implanted successfully in humans ( 139 ). 




Kohmoto and Naka 



265 



Centrifugal Pumps 

Years after the invention of centrifugal pumps, researchers are look- 
ing into these pumps as the “third” generation of implantable circulatory 
assist devices. The HeartQuest System (MedQuest Products Inc., Salt 
Lake City, UT) is a pump built on the Maglev (Magnetic Levitation) 
concept, which allows for frictionless pumping, no thrombogenicity, 
minimal noise and vibration, and durability because of lack of metal-to- 
metal contact. These pumps have been tested in animals with promising 
results ( 140). The VentrAssist (Micromedical Industries, Ltd., Chatswood, 
New South Wales, Australia) is another promising centrifugal pump 
currently undergoing animal testing. The centrifugal pump is hydrody- 
namically suspended, resulting in no wear, no hemolysis, and no need for 
anticoagulation ( 141 ). Another centrifugal pump in development is the 
HeartMate III from the Thoratec Corporation. It is about one-third the 
size of the HeartMate I pump and has about three times the volume of 
the HeartMate II (142,143). These centrifugal pumps share the advan- 
tages of ease of operation and dependability, with few moving parts. 
However, careful experimental and clinical evaluation needs to be per- 
formed in terms of safety and durability of these new devices. 

Total Artificial Heart 

The new TAHs in development will allow for full implantability and 
hospital discharge. The AbioCor TAH (Abiomed Cardiovascular Inc. 
Danvers, MA) consists of an internal thoracic pump, an internal 
rechargeable battery, internal electronics, and an external battery pack. 
External power is delivered via a transcutaneous energy transmission 
coil located under the skin of the chest wall. The pump consists of two 
ventricles with corresponding artificial valves. Its stroke volume is 
between 60 and 65 cc with an output between 4 and 1 0 L/min. A centrifu- 
gal pump moves hydraulic fluid between the ventricles, providing alter- 
nate LV and RV pulsatile flow. There is an atrial balance chamber that 
adjusts for left and RAPs. As with previous TAHs, fitting is critical. 
Anticoagulation is maintained with warfarin and clopidogrel (Plavix). 
The first human implantation was performed in July 2001 at Jewish 
Hospital in Louisville, KY (144). This device is currently under evalu- 
ation by the FDA. 



CONCLUSION 

Mechanical circulatory assistance, especially LVAD support, is cur- 
rently the standard of care for potential heart transplant patients with life- 
threatening heart failure refractory to medical therapy. Technological 
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advances, increased clinical experience, and broadened indications for 
insertion allow more patients to benefit from VAD support. For some 
patients, with a decreasing donor supply and with the FDA approval of 
the HeartMate LVAD as destination therapy, mechanical circulatory 
assistance may become an alternative to transplant. In turn, such a strat- 
egy may result in the listing of more appropriate transplant candidates, 
increased survival, and better quality of life for patients with end-stage 
heart disease. 
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